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CHARACTERISTIC BEHAVIOR OF THE BRIGHT LINES 
IN STELLAR SPECTRA OF CLASS Md 


By PAUL W. MERRILL 
ABSTRACT 


Periodic changes in the emission lines of spectra of Class Md variables-—R Leonis, 
R Hydrae, R Serpentis, X Ophiuchi, x Cygni, and T Cephei have been observed spec- 
troscopically over a considerable part of their light periods, from two to twelve spectro- 
grams having been made of each. The intensities of H6, Hy, \ 4202 Fe, \ 4308 Fe, 
4571 Mg, and some other bright lines at the different phases are recorded in Table IV. 
A compilation and discussion of past and present data referring to these lines shows 
that they appear after light minimum, in the order mentioned, in every long-period 
variable of Class Md whose spectrum has been adequately observed, and exhibit sub- 
stantially the same remarkable behavior as in the type star o Ceti. There is strong 
evidence, therefore, that these spectral variations, shown in Figure 1, are charac- 
teristic of stars of this class. The changes in relative intensity of the lines of the Balmer 
series of hydrogen and also of certain iron lines are particularly interesting. A discussion 
of the physical interpretation of these variationsis reserved untilmoredataareavailable. 

Although it has been known for many years, chiefly through 
the extensive labors of the Harvard College Observatory, that 
striking changes occur in the spectra of numerous long-period 
variable stars, practical difficulties have prevented the securing of 
satisfactory observations through the whole light cycle. It is 
therefore not yet possible to give a complete description of the 
spectroscopic changes which accompany the extraordinary fluc- 
tuations in brightness. Much valuable material has, however, 
already been gathered: the combined results of several observers 
have shown numerous salient features of the variations in the 
spectrum of o Ceti; some of the same phenomena have been 
observed in x Cygni; and changes in other stars have been indi- 
cated by shorter series of observations. 

The present discussion will be confined largely to the bright 
lines, as observations of the continuous spectrum and of the absorp- 
tion lines and bands do not yet afford a reliable basis for a descrip- 
tion of the characteristic changes.* The data for the bright lines 

The available observational material bearing on the absorption spectrum is not 
extensive, owing to the faintness of the stars, except at maximum, and to other cir. 
cumstances. It is, however, definitely known that variations do take place, but 
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are not so complete as might be desired, but certain features are 
definitely established, and the general course of the changes is 
indicated. Much remains to be determined, however, especially 
in regard to the behavior of the spectrum at minimum brightness. 

The new observational material described here refers to the 
stars in Table I. These are among the best known of the long- 
period variables, and all possess spectra strongly resembling that 


of o Ceti. 
TABLE I 


STARS OBSERVED 


Star a 1900 5 1900 Magnitude 
R Leonis...... Pei tela races gh42™2 +11° 54’ 4.6—10.5 
RO ydraes.cekact veers taster aye Toned —22 46 4.0— 9.8 
ReSerpentisiice ct otis cpkawehela ats 15 40.1 +15 26 5.6—13 
Xo Ophiuchige.crsctscr4ys cisterns 18 33.6 + 8 44 6.5— 9.0 
5 oh Ohi at) ra inres oe Mae Ferien Behe 19 46.7 +32 40 4.0—13.5 
HM CEPhel am aciese nee nse nae Zio +68 5 5§-I—10.5 

TABLE II 


RESULTS OF HARVARD OBSERVATIONS 


Star Range Period m—M Br. Ft. 
OM Cellier eran crest 5-7 mags. 332 days 0.64 0.19 ©.30 
IRS Ceonisnearbles. cers 4.2 ars aS .26 -28 
IRSIELY dra yrramecerctts Sat 425 257, uIs +32 
RoSerpentisn.sciascte 6.3 357 61 .20 .28 
Xe Opbiuchinerss ety, Bae 337 45 IE -44 
ACY 2 Dileenee. cetee 8.3 406 54 22 SLY 
Cephelgane.ccers. 3.9 387 °.46 0.23 0.27 


Data from Harvard Annals, 57, 202, showing the character of 
the light-variation, are given in Table IT, in which o Ceti is included 
for convenient comparison. The fourth column, ‘‘m—WM,” shows 


apparent discrepancies or, perhaps, real differences between different stars, make it 
difficult to know which variations should be considered as characteristic. For instance 
it is stated by Adams and Joy, Publications of the Astronomical Society of the Pacific, 
32, 163, 1920, and by Shane, zbid., 32, 234, 1920, in confirmation of previous observa- 
tions, that in o Ceti the absorption bands of titanium oxide increase in strength as the 
star wanes, but, in the case of X Ophiuchi, observations by the writer from May to 
September, 1920, show that the bands grew decidedly weaker while the brightness was 
decreasing. Although there are several possible explanations of this apparent dis- 
crepancy their discussion will not be taken up here. 
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the fraction of the period during which the light decreases; the 
fifth, ““Br.,” gives the fraction of the period during which the light 
is more than one-half as great as at maximum, and the last column, 
“Ft.,” that fraction during which the light is less than twice as 
great as at minimum. . 

All the observations in Table III were made with one-prism 
spectrographs. The column “Phase” is the only one requiring 
explanation. This indicates for each plate the fraction of the 
period before (—), or after (+), light maximum. The photometric 
data were kindly supplied by the Harvard College Observatory. 


R LEONIS 


Jan. 16, 1920. This observation was made about 110 days 
after minimum and 60 days before maximum. The light-curve 
rose gradually for 70 or 80 days after minimum, and then much 
more rapidly. 

May 30, 1920. This last observation was about 60 days before 

R HYDRAE 

A minimum occurred on April 27, 1920, magnitude 9.5. The 
first plate, on May 31, was taken 34 days after minimum, but the 
star had brightened only half a magnitude. Two bright lines 
which are the last to appear during the decreasing phase are still 
in evidence. The bright hydrogen lines, which in Md stars are weak 
or absent at minimum, have not yet appeared. The continuous 
spectrum is weak but is visible from \ 4500 toward longer wave- 
lengths, being interrupted by wide absorption bands of titanium 
oxide. The second plate, taken on July 8, when the increase in 
magnitude since minimum had been 1.7 magnitudes, shows more 
continuous spectrum due to a generally more effective exposure, 
but the band absorption is very strong; Hé is a distinct emission 
line; Hy is not seen, although continuous spectrum is visible in its 
neighborhood; 4308 is not seen; near 4571 the continuous 
spectrum is strong and the magnesium line of that wave-length, 
if present at all, is so blended with the background as to be indis- 
tinguishable. 
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TABLE III 
OBSERVATIONS 
Date Mag. | Phase | Telescope Camera Exposure Remarks 
R Leonis 
1920 Jan. 16..} 9.0 | —o.19 | 100-inch| 18-inch 164™ 
APT cet | mOmd mit OO 100 18 30 
Lie Os + .09 60 18 I40 
CLs Ohih + .09 60 18 40 
May 5..| 7.4 | + .16 60 18 152 
TL. ;) 76... =F 28 60 18 150 Hubble observer 
Gio} 6| | uketae! +0. 24 100 18 80 
R Hydrae 
1920 May 31..| 9.0 | —0.33 | too-inch} 18-inch 214m 
ijulysenSoe eZ 2o 0 On 5 | ELOO 7 50 
R Serpentis 
1920 May 1..] 7.6 | +0.13 | 1oo-inch} 18-inch 106™ 
Kelana teins) + .20 Ioo 18 184 
une mere |e. S = .21 100 18 184 
aly. 8..| r0o/7 |) --o132) || r00 HW 160 
X Ophiuchi 
I9Ig June g..} 6.6 —0.03 60-inch | 18-inch 24™ 
1} 5 || KOE O02 60 18 30 
1920 April 8..| 7.3 | — .16 | 100 18 (70) Clouds 
May 1..| 6.9 = 30) 100 18 62 
Alo cl] Wats OS 60 18 52 
Sisal (ao co 6} 100 18 80 
July ase 750 © hl 60 18 IIo 
6. vO + .11 100 18 90 
Bi ps + .18 I0o 18 66 
1) 0) oe a I SY Un oo 18 IIo 
ifr || A3ex8 +35 100 18 180 
OCEE 77 O\.0 +0.44 I0o 18 go Clouds 
x Cygni 
1920 May 30 Se —o0.08 too-inch | 18-inch 66™ 
June was aLose — .07 100 18 40 
BOsalh Boe 00 60 18 125 Benioff observer 
[Sib Boal ek + .07 100 18 go 
SEDEmr se i Ons an |= OME OO. 18 66 
205 .| "One + .21 Ioo 18 180 
Oct. 26 9.6 +0.29 I0O 18 180 


BRIGHT LINES IN SPECTRA OF CLASS Md 5 


TABLE IlI—Continued 


OBSERVATIONS 
Date Mag. | Phase | Telescope Camera Exposure Remarks 
“ T Cephei 
TORZANOV. 3.5). 7.6 | —0.19 60-inch | 18-inch 50™ | Joy observer 
Dec S| O78 — <I 60 18 80 Joy observer 
1918 Jan. 2..| 5.8 — .04 60 18 60 Joy observer 
Oeti ede | 752 — .27 60 18 150 Joy observer 
1920 June 3..| 8.0 + .20 60 18 240 
July 5..) 8.9 | + .28 60 18 364 
Bona Ord. — ed 60 18 508 
Epes Sax] LOsr +0.44 60 7 520 


R SERPENTIS 


Maximum occurred on March 16, 1920, magnitude 6.1. The 
facts concerning the following minimum are not available at 
present. It appears, however, that the minimum brightness was 
not above the fourteenth magnitude. The spectroscopic observa- 
tions described in Table IV cover about the central third of the 
decreasing branch of the light curve. 


X OPHIUCHI 


Maximum light and the decreasing phase are well covered by 
the observations. The last plate, taken on October 27, was prob- 
ably about 20 days before minimum. The magnitude at this 
time was not more than a few tenths above the minimum magnitude. 
On April 8, 1920, Hy shows small contrast with the continuous 
spectrum; on May 1, this contrast is decidedly greater. On 
July 31, the titanium bands have a curious, blended appearance; 
the heads of the bands are not sharp, and as the absorption is less 
than on the preceding plates the bands are not so pronounced. 
The bands are still weaker in September. The decrease in intensity 
of Hy from September 2 to September 27 is striking; this line is 
practically absent from the spectrum on the latter date. The 
only emission line observed on the plate of October 27 is \ 4571, 
just at the red edge of which there appears a well-defined and 
rather strong dark line. This has developed within a month, as no 
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absorption was observed in this position on the preceding plate. 
A somewhat similar appearance of bright and dark portions of the 
same line has been observed by Stebbins? in o Ceti at \ 4308 and 
4376, and by the writer in other stars in connection with the 
manganese line \ 4030. This phenomenon suggests that the 
well-known displacement of the dark lines with respect to the bright 
lines may be due in part to a reinforcement by a partially developed 
emission line of the continuous spectrum on the violet edge of the 
dark lines. 

X Ophiuchi is a double star, Hu 198, with a measured separa- 
tion of o”2. The small light-range and some of the spectral 
peculiarities may thus be due to exceptional circumstances. The 
motions and light-variations of the components are being investi- 
gated by Van Biesbroeck at the Yerkes Observatory.’ 


RESUME OF OBSERVED CHANGES IN THE BRIGHT LINES 


Upon combining the data of Table IV with those previously 
available for Md stars, it is found that certain phenomena shown 
by the bright lines appear in substantially the same form in several 
stars. We thus conclude that these phenomena are characteristic 
of the variation of Md stars and that they are, therefore, of great 
importance in the study of the problems presented by these remark- 
able objects. 

The changes exhibited by some of the more conspicuous bright 
lines are outlined in the following pages. In most cases several 
illustrative instances are cited to indicate the character and extent 
of the data upon which each statement rests. This collection of 
references and quotations may prove useful to anyone desiring 
to review the observational evidence. 

Hydrogen lines—The bright hydrogen lines are such con- 
spicuous and characteristic features of Md spectra that they have 
been the means in many instances of the discovery of long-period 
variables at the Harvard Observatory. The variations of these 
lines have accordingly attracted more notice than any of the other 
spectral modifications presented by Md stars. Notes in the 

* Lick Observatory Bulletins, 2, 93, 1903. 

? December, 1920, meeting of the American Astronomical Society. 
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TABLE IV 


INTENSITIES OF Emission LINES 


Date Phase | Hn | He | 300s He | H6 | 4202 4308 | Hy | 4373 | 4376] asrx Hg 
R Leonis 
1920 Jan. 16... ESOehO| caer < [ate Micacl ane Hee ead Reseach [acicnecl foesecs cl [rece Fetal ichigo fecaey 
April 8...}4 98} 7 3 Peeve [LEA RS Pd Staal pee Pal Gao le oor 
BES tte GO| P— esi |Ores (cele. (LS u ed 7) aa irra) OBIS | hSloeec 
May 5..-|4 .36] 1 Wiest etree ce IO Ay Vcexe el even 
iOS Ee aol fea gah ed lea PAAR ey We Ire Mie) eel) oye Al eel |) 5y 
OONee Oneal caw cote til ahenl te 4 |4 | 3+) 6 2 i 5 tr 


1920 May 31... 
July 8... 


1920 May 1... 


30... 
ness. 
July 8 
Igtg June 9Q.. 
I0.. 
1920 April 8.. 
May I ie 
4...]— .08 ONS dete Nerscets ool eet erate A | estas apevere | eeeratei| aero 
Sara .00}] I—]| 2 oes Of th yes. 0" le c.altarevars ltarertel| crete 
PTAs seal pM LO icrety | aeverel|te coare)| es vee Cnet Pee licdiw Hl Sexciel| coset ele | eee 
O:.2 |= =EI] 0-5] = Ons |nc 4 2 Pea Om a eral niece sorrel eae 6 
BAC R Actas TO share |G eretel| ats ane felarsc 2 I Re ae: al Al tee falc lsescon 
DEP ame silata is 20 (os eroxt | senerell arceereillaceters si 4] PP | OR | Sg 2 
Oy Bel ieee Ep aid aeeea oe emer eaten (Boel le gine ores or eae cyl [tas ok 2 
CT a Te OC AA |r reels cea | acs te | ccetere llores. ci] eo ree Ilcweveres| eeeeay all eoeeerel tener I 
x Cygni 
T1920) May 30.5-|—0-08)...5] 2 |....|..-. be leaeiegs| (hore 3 735 el bool Bem ala eo: I 
June=—1.-- ACG eey cal fee al eecstes | tore Cond [Es eal lene ct Ded steers |lSeaisee | eats 0.5 
wenes .00 Ales P00 (5 tr PMR ca eee tao 8 
July 20...|-- <07]| 2 6 Fe Mere cron BE 3 I 7a ||| peta eater eter 7 
Sept setae 20| 1 3 al MUS deal ies 3 3—]| 8 I Aa lad 3 
Ain Ales Gel lee tyesl 5 Baal of 3 4 5) I ira Gee ante 26? 
Octs 26 |=|-O- 20| 2 .%,.|'5 2. tH reed ee Se (Ane Sen} ae iO 5 aan ies 
T Cephei 
TOL NOV eI 32.2 | O-1O |e sete o's aele|ivere £3 ST Iho os aval & Aivan [uaytay = fhapavertel leaks ene ee coed een 
i An II]. LO A beac acter| Rees on 5 end nce Oar A 138.05 Sac Peron aces 
LOLS ate eae O4 | 2e— [6/5 a [iL sae | ae Bol siene| scteoellwerere 2 
OCHA 29h ciclo dite =| oe | a AT lene ieee Ted c)o3 licens eee! ere 
HOA) [RUG Zhadlar 6-42]/oo0d||egoc! poco fear Oy \e2— 2 Ae PO. 5 ere 4 0.5 
Tint; Gsselab set ccislloooclioodallooom| iro De Nel NN || Coy 0.5 
Bop Ne ek 7Nio cie|la.c allpoud| joo cdlloo ox eA Ee) Pe ec Ie ecllleera A 4 Fe 
Som See caer Mile poalioeculaond| eon ollacoc Crh am Me vallvosellnaqoe 2 
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Harvard publications show that in practically every Md star the 

relative intensities of Hy and Hé are subject to wide variations. 
Although the bright hydrogen lines (referring particularly to 

Hy and H6) are usually of very great intensity, nevertheless it 

appears that near the phase of minimum light they are weak or 

absent from the spectrum. 
To avoid repetition certain references will hereafter be indicated 
by number as follows: 

(x) Stebbins, “The Spectrum of o Ceti,” Lick Observatory Bulletins, 2, 78, 1903. 

(2) Eberhard, “On the Spectrum and Radial Velocity of x Cygni,” Asiro- 
physical Journal, 18, 198, 1903. 

(3) Merrill, ‘‘Spectroscopic Observations of Stars of Class Md,” Publications 
of the Astronomical Observatory, University of Michigan, 2, 45, 1916. 

(4) Adams and Joy, “Note on the Identification of Certain Bright Lines in 
the Spectrum of o Ceti,” Publications of the Astronomical Society of the 
Pacific, 30, 193, 1918. 

(5) Adams and Joy, “Changes in the Spectrum of Omicron Ceti,” Publications 
of the Astronomical Society of the Pacific, 32, 163, 1920. 


ABSENCE OR WEAKNESS OF BRIGHT HYDROGEN LINES NEAR MINIMUM 

oCeti. 1902, Oct. 4, to 1903, Jan. 5. Phase, +0.36 to +o.64. Reference (1). 
Hydrogen lines weaker than other bright lines, or not observed at all. 
“On 58A and 590A (1903, Jan. 2 and 5) the continuous spectrum was 
visible in the Hy and H6 regions, but no trace of a bright line was seen in 
either case. The evidence furnished by these later plates therefore 
strengthens the conclusion that the bright lines disappeared at minimum.” 

R Hydrae. 1920, May 31. Phase, —o0.33. Table IV. Hy and Hé not 
observed although other bright lines and some continuous spectrum are 
present. 

X Ophiuchi. 31915, June 4. Phase, —o.38. Reference (3). Faint continuous 
spectrum; no bright lines. 

1920, Sept. 27 and Oct. 27. Phase, +o.35 and +o.44. Table IV. Hy 

and H6 are very weak or absent. 

T Cephei. 1920, July 28 and Sept. 5. Phase, +o.34and+0.44. TableIV. 


Hy and Hé are not seen and are certainly much weaker than other bright 
lines. 


Adams and Joy found that near the minimum of o Ceti the 
usual hydrogen lines were replaced by others having quite different 


characteristics. Whether this is typical behavior for long-period 
variables is not known. 
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HYDROGEN LINES AT MINIMUM 


o Ceti. 1920, Jan. 15 to Feb. 6. Phase, +o0.51 to +o.57. Reference (®). 
“The hydrogen lines appear very diffuse and greatly displaced toward 
the red. The brightest of the three hydrogen lines on this photograph is 
H6, Hy being next and Hé faint.’ 


Shortly after minimum brightness the hydrogen lines Hy and 
H6 appear faintly as emission lines, Hy being at first much the 
weaker, so that for a time Hé may be seen alone. Both lines grow 
in intensity until maximum or after, but Hy gains relatively to Hé 
so that during the decreasing phase, before both lines disappear, 
Hy may become much the stronger. 

In a brief summary of the general features of the spectra of 
long-period variable stars’ as photographed with objective-prism 
spectrographs by the Harvard Observatory, Miss Cannon says: 
*‘Changes occur in the class of spectrum during the light variation, 
and in the relative intensities of the bright lines. In some cases, 
H6 appears first and becomes from ten to twenty times as bright 
as Hy. At maximum light, Hy often reaches equality with H6. 
The relative intensities of these two lines often vary at different 
maxima of the same star.”” The results from slit spectrograms, as 
noted below, are in harmony with Miss Cannon’s observations. 


CHANGES IN RELATIVE INTENSITIES OF Hy AND H6 


o Ceti. 1915, Nov. 5, 12. Phase, —o.2. Reference (3). ‘On Nov. 5, Hy 
is so weak as not to be readily visible. It is easily seen on Nov. 12, but 
is not much stronger than the adjacent continuous spectrum. This is 
strikingly at variance with its appearance on my earlier plates and as 
observed by others.” 

1919, Autumn. Phase decreasing. Reference (5). ‘“‘As the star grows 
fainter . . . . the relative intensity of the hydrogen lines changes, Hy 
becoming stronger with reference to Hé.” 

R Leonis. 10920, April 8 to May 30. Phase, +o0.08 to +o0.24. Table IV. 
Relative intensities of Hy and Hé changed from 7:15 to 6:4. 

R Virginis. 1915, March 28 to May 7. Phase, —o.11 to+o.16. Reference 
(3). Relative intensities of Hy and Hé changed from 3:4 to 2—:1. 

X Ophiuchi. 1920, April 8 to July 3. Phase, —o.16 to +o.18. Table IV. 
Relative intensities of Hy and Hé changed from 2:7 to 4:2. 


t Popular Astronomy, 27, 527, 1919. 
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x Cygni. 1901, Aug. 2 to Nov. 23. Phase, —0.03 to +0. 24. Reference (2). 
“From Aug. 2 until Sept. 19 Hé was considerably brighter than Hy; from 
Oct. 3 to 15 Hy and Hé differed little from each other; on Oct. 26 they 
were equal; and on Nov. 9 and 23 Hy was brighter than Hé.” 

1920, May 30 to Oct. 26. Phase, —o.08 to +o.29. Table IV. Relative 
intensities of Hy and Hé changed from 2+:7 to 4:3. 


The foregoing are instances of considerable variation in the 
hydrogen lines occurring in a single light cycle. Many more 
examples can be found by comparing observations in different 
cycles, but deductions from such comparisons must be made with 
circumspection since it is not safe to assume that the behavior 
of the spectrum of a long-period variable is identically repeated 
in different cycles. 

The relative intensities of the hydrogen lines near maximum are 
very different from laboratory values. The most striking dis- 
crepancies are the great strength of Hé and of numerous ultra- 
violet lines, and the relative weakness of H6 and He. Miss Maury* 
and C. D. Shane? have called attention to the relative weakness of 
Hx, HA, and Hy in o Ceti; the same phenomenon has been observed 
partially in other Md spectra through the fact that the hydrogen 
series appears to stop abruptly with Hv. Other peculiarities of the 
hydrogen series are described by Shane. By combining the 
results of several observers it appears that a bright Ha line may or 
may not be present in the spectrum of o Ceti. Unfortunately this 
line has not been observed systematically over any considerable 
period of time. The variation in H@ is thought by Father Cortie? 
to be connected with the brightness of the maximum. According 
to him, at a bright maximum the titanium oxide bands are espe- 
cially weak and H@ especially strong. This same correlation 
between Hf and the titanium bands appears also in comparing 
the average characteristics of different stars. He (though seldom 
observed) may increase relatively to Hé and H¢ during the decline 
in brightness. 


* Harvard Annals, 28, 45, 1897. 

* Publications of the Astronomical Society of the Pacific, 32, 234, 1920. 

3 Scientific American Supplement, 85, 21, 1918. 

4 Publications of the Astronomical Observatory, University of Michigan, 2, 63, 1916 
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CHANGES IN RELATIVE INTENSITY OF He 


o Ceti. 1902, June 27 to Sept. 22. Phase, +0.07 to +0.33. Reference (1). 
Relative intensities of Hs, He, and H¢ changed from 420:4:30 te 40:10:7. 
R Leonis. 1920, April 8 to May 11. Phase, +0.08 to +o.18. Table IV. 
Relative intensities of Hé, He, and Hf changed from 15:-:3 to 15:2:3.5. 


Observations by Shane*at the Lick Observatory have revealed 
the interesting fact that in variables of Class N the characteristic 
phenomena connected with the bright hydrogen lines are much the 
same as in variables of Class Md. It appears, however, that in 
Class N the bright hydrogen lines reach their greatest intensities 
earlier in the light cycle, and are less persistent after maximum 
light than in the Md stars. 

Bright lines not due to hydrogen.—Besides the hydrogen series 
there are other bright lines subject to very great changes in intensity 
during the light cycle. The available data, though rather frag- 
mentary, make clear a certain system in these changes which is 
undoubtedly followed by several, and probably by many or all, 
Md long-period variables. Accordingly an attempt will be made 
in the following paragraphs to indicate some of the phenomena 
connected with these various bright lines as typical of Md variation. 

d 3905.—This line, thought to be due to silicon (3905.51 1.A.), is 
(excepting hydrogen) one of the strongest and most persistent of 
the emission lines during the time that the star is bright. After 
maximum it seems to gain relatively to the hydrogen lines, but it 
is possible that this increase arises from the diminution of the latter. 
Its behavior near the minimum phase is not known for it has usually 
been photographed only when the continuous spectrum and the 
bright hydrogen lines are strong. It appears certain, however, 
that \ 3905 does not grow stronger toward minimum to any such 
degree as do \ 4308 and ) 4571 (see below). Further observations 
of this line are much to be desired. 

X 4202.—This iron line (4202.033 I.A.) has very frequently been 
observed as an emission line in Md spectra. Appearing about the 
time of maximum, it grows steadily stronger during the first part 
of the decline until it may equal or surpass Hy and Hé. This 
increase does not continue throughout the decreasing light phase, 


t The Spectra of Certain Class N Stars, Lick Observatory Bulletins, 10, 79, £920. 
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as toward minimum this line is in turn exceeded in intensity by 
A 4308 and A 4571. 
CHANGES IN RELATIVE INTENSITY OF \ 4202 


o Ceti. 1902, June 27 to Oct. 6. Phase, +o0.07 to +0.37. Reference (x). 
Relative intensities of Hy, 4202, and Hé varied from 420:10:420 to 


ToeACulee 
R Leonis. 1920, Jan. 16 to May 30. Phase, —o.19 to +o.24. Table IV. 
Relative intensities of Hy, \ 4202, and Hé varied from —:—:2 to 6:4:4. 


x Cygni. 1920, June 30 to Oct. 26. Phase, 0.00 to +o.29. Table IV. 
Relative intensities of Hy, \ 4202, and H6 varied from 7:—:15 to 4:4:3. 

T Cephei. 1920, June 3 to July 28. Phase, +o.20 to +0.34. Table IV. 
Relative intensities of Hy, \ 4202, and Hé varied from 4:2-:2 through 
DO gre 


d 4308.—~This line, apparently belonging to the iron spectrum 
(4307.909 I.A.), becomes bright at a later phase than the somewhat 
similar line \ 4202, and grows stronger than \ 4202 if the observa- 
tions are continued a sufficient time past maximum. Near maxi- 
mum )\ 4308 is sometimes observed as an absorption line, usually 
of low intensity. 


CHANGES IN RELATIVE INTENSITIES OF 4202 AND \ 4308 


o Ceti. 10902, June 27 to Oct. 26. Phase, +0.07 to +0.43. Reference (1). 
Relative intensities of \ 4202, 44308, and Hy varied from 10:-:420 
through 19:12:190 to 40:60:13. 4308 appeared between July 22 and 29; 
phase, about -+-o.16, 

R Leonis. 1920, April 8 to May 30. Phase, +0.08 to +0.24. Table IV. 
Relative intensities of \ 4202, 44308, and Hy varied from 3:-:7 to 
EBSA. 

R Serpentis. 1920, May 30 to July 8. Phase, +0.20 to +0.32. Table IV. 
Relative intensities of \ 4202, 4308, and Hy varied from 2+:2:7 to 
3:4:4. 

x Cygni. rg01, Aug. 24 to Nov. 23. Phase, +0.02 to +o0.17. Refer- 
ence (2). “A 4308 increased in brightness the fainter the star became.” 

1920, July 29 to Oct. 26. Phase, +0.07 to +o.29. Table IV. 24308 
appeared as an emission line between June 30 and July 29. Relative 
intensities of \ 4202, \ 4308, and Hy varied frem 3:1:7 to 4:5:4. 

T Cephei. 1920, June 3 to July 28. Phase, +o.20 to +0.34. Table IV. 
Relative intensities of \ 4202, \ 4308, and Hy varied from 2—:2+:4 to 
I—:2:-. Compare with plate of 1918, Jan. 2, on which the intensities 
were 8:-:1. Compare also with Hs. Intensities of \ 4308 and Hé on 
1917, Dec. 3, 1918, Jan 2, were -:15 and on 1920, July 5, 4:-. The 
relative intensities of these two lines must have changed 250 or more times. 
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4571.—This line, which is probably a low-temperature 
magnesium line (4571.114 I.A.), does not appear until a later 
epoch than \ 4202 and A 4308, but gains in relative strength as mini- 
mum is approached. In several instances it has finally become the 
strongest line in the photographic spectrum. This is probably 
typical behavior. This line‘is usually observed near the maximum 
phase as a weak absorption line. 


CHANGES IN RELATIVE INTENSITIES OF \ 4308, Hy, AND 4571 

o Ceti. 1902, July 22 to Oct. 26. Phasé, +0.14 to +o0.43. Reference (r1). 
Relative intensities of \ 4308, Hy, and \ 4571 changed from 12:190:— to 
OOSIS27 5. 

1918, March 2. Phase, +o0.44. Reference (4). ‘This line (\ 4571) is 
the most intense of any on the photograph with the exception of those 
due to hydrogen.” This precise condition was not shown by any of 
Stebbins’ photographs although it was approached on Aug. 11, Aug. 25, 
and Sept. 6, 1902. 

R Leonis. 1920, May 5 to May 30. Phase, +0.16 to +0.24. Table IV. 
Relative intensities of \ 4308, Hy, and \ 4571 changed from 3:10:4 to 
Bass. 

R Hydrae. 1920, May 31. Phase, —0.33. Table IV. Only two bright 
lines are visible, 4 4308 and \ 4571. Compare with the observation of 
July 8, and with the Ann Arbor observations. 

R Serpentis. 1920, May 30 to July 8. Phase, +o.20 to +o0.32. Table IV. 
Relative intensities of \ 4308, Hy, and \4571 changed from 2:7:2 to 
Aad 4a. 

x Cygni. 10920, July 29 to Oct. 26. Phase, +0.07 to +0.29. Table IV. 
Relative intensities of \ 4308, Hy, and \ 4571 varied from 1:7:— to 5:4:4. 

T Cephei. 1920, June 3 to Sept. 5. Phase, +0.20 to +o0.44. Table IV. 
Relative intensities of \ 4308, Hy, and \ 4571 changed from 2+ :4:4 to 
Ii-:2. 

GENERAL DISCUSSION 


It should not be inferred that the foregoing references repre- 
sent all the known observational material bearing on each line. 
They have been selected as the most complete and reliable illustra- 
tions of the changes under discussion. Fragmentary observations 
indicate that the same course of spectral variation is followed in 
other stars, and in these same stars in other light cycles. 

In Figure 1 an attempt has been made to display graphically 
the changes in the intensities of the lines Hy, H6, and A 4202, d 4308; 
and ) 4571, as related to the light phase. The relationships 
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depicted are believed to be typical of long-period variables of 
Class Md. It is clear that considerable differences exist between 
the spectra of different stars at any given phase, but all stars of the 
o Ceti type which have been adequately observed have shown, with 
no very great variations, the changes in spectrum indicated in 
Figure 1. The phases at which certain lines appear or disappear 
may vary somewhat in different stars. Figure 1 is intended to rep- 
resent the average behavior of the small group of stars observed, and 
may require modification when more complete data become available. 


Magnitude 


Phase 


Fic. 1.—Intensities of bright lines in Md spectra in relation to the variation in 
total light. The light-curve, which is the mean curve for o Ceti, R Leonis, R Hydrae, 
x Cygni,and T Cephei, has an amplitude of 5.3 magnitudes. The amplitudes of the 
other curves are not determined. 


The method of comparing observations of different stars by 
referring them to the light phases counted from maximum to maxi- 
mum is obviously but a first approximation. For an exact com- 
parison of the behavior of different stars the light-curves cannot 
be assumed to be of the same shape, or to be identically repeated 
in different cycles. In a final discussion the circumstances of any 
particular cycle should be recognized either by counting the phase 
from maximum to minimum instead of from maximum to maximum, 
or by dropping the time relation and using instead the magnitude 
when observed, as compared with the magnitudes at the maximum 
and minimum of the same cycle. 

In addition to the lines which have been discussed in the pre- 
ceding pages a large number of other less conspicuous bright lines 
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have been observed in Md spectra, including AA 3852, 3967, 4007, 
4030, 4102, 4138, 4178, 4215, 4233, 4373, 4376, and 4512, all of which 
appear subject to variation. The intensities of \ 4373 and \ 4376 
are found in Table IV. After some further observations have been 
secured several of these lines can probably be grouped according to 
their behavior and compared with the stronger lines \ 4202, A 4308, 
and \ 4571. They may thus prove useful aids in interpretation. 
It is hoped to discuss them in a future contribution. 

Adams and Joy have pointed out that ‘the bright lines appear- 
ing in the spectrum of o Ceti near minimum of light are lines which 
are strengthened at low temperatures.”* This is undoubtedly 
correct, but it appears that some other cause in addition to low 
temperature must be operative to produce the observed peculiari- 
ties. The magnesium line 4571 is indeed an extreme low-tempera- 
ture line and its behavior strongly suggests low temperature as the 
prevailing condition near minimum. With A 4202 and i 4308 
and some other lines, however, the case is not so clear. There is 
no apparent reason why certain of these lines should be so strongly 
accentuated as compared with other lines of the same elements in 
the same temperature class? and having comparable intensities in 
most sources. It will probably be well to reserve discussion of 
temperature and other physical conditions until the fainter emis- 
sion lines mentioned in the foregoing paragraph have been more 
extensively observed. 

It is believed that the spectral changes described in this paper 
have such intimate connection with the light variations of Md stars 
that a knowledge of them is quite essential to a correct general 
interpretation of the phenomena exhibited by stars of this class. 
More complete observations of the bright lines, of the dark lines and 
bands, and especially of the spectrum near minimum will be required 
as a basis for a satisfactory discussion of the conditions prevailing in 
these stars and of the causes of variation. The writer is inclined 
to favor the ‘‘veil theory” of variation as outlined a few years ago, 
but even if this be correct much amplification will be needed. 

t Publications of the Astronomical Society of the Pacific, 30, 193, 1918. 

2 King, Mt. Wilson Contr., No. 66; Astrophysical Journal, 37, 309, 1913. 


Publications of the Astronomical Observatory, University of Michigan, 2, 70, 1916. 
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o Ceti, the brightest of the long-period variables and having a 
period which differs appreciably from a year, offers the strategic 
point for an observational attack on the physical problems of Md 
variation, provided we are justified in assuming that the remarkable 
spectral features of this star and their variations are not isolated 
peculiarities but may be accepted as typical Md phenomena. 
One consequence of the present discussion may be increased confi- 
dence that this is the case. 


Mount WILSON OBSERVATORY 
December 1920 
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THE ORBITS OF SEVEN SPECTROSCOPIC BINARIES 
By R. F. SANFORD 


ABSTRACT 


Seven spectroscopic binaries, Boss 373, OZ 82, Lalande 29330, Companion to 
a Herculis, 205 Draconis, Boss 5591, Lalande 46867.—T he elements of the orbits have been 
derived from 15 to 30 spectrograms of each, most of them made with an 18-inch 
camera and the 60-inch or roo-inch reflector. In the case of the first, fifth, and 
sixth binaries, both components were measured. The periods are each about 4 days 
except for the fourth and seventh, which are 51.6 and 6.72 days respectively. Radial- 
velocity diagrams are shown in Figures 1-7. The spectroscopic parallax, proper motion, 
and absolute magnitude of each, as furnished by Adams and Joy, are given in Table I. 
Lalande 29330 and 46867 are particularly interesting because of low luminosity, +6, 
and late spectral class, K. Lalande 46867 is very similar in spectroscopic peculiari- 
ties to o Geminorum. 

a Herculis and companion.—The radial velocity of the center of mass of the com- 
panion, —37.2km/sec., and of a Herculis, —32.2km/sec., when corrected for 
Campbell’s K-term furnishes evidence in connection with their common proper 
motions of physical connections between the two. 

Probable eclipsing variable star—The data for 205 Draconis suggest that it would 
be a favorable case to examine for variability caused by eclipse. Its magnitude is 
7.2 and spectral class F2. 


This paper deals with the derivation of the elements of the 
orbits of the seven spectroscopic binary stars listed in Table I. 


TABLE I 
Name Mag. | a1g0o 5 1900 Spore eed B * sp. nee 
Boss 373=2145..] 6.3 | 1536™) +25°14’| F3-F3 | +2.6 | 07135 | of018 | 161 
(a2 toh a ee 7.0 417 | +14 49 | Fo +4.1 | 0.096 | 0.024 | 194 
Lalande 29330....] 8.5 | 16 1] +10 57 | Ko +6.0 | 0.491 | 0.032 | 350 
Comp. a Herculis- 

Boss 4374....- 5.4 | 17 10 |] +14 30 | Fo +1.7 | 0.032 | 0.018 7 
Bonrac =f O7F) 7.2) | 19:45 | 41-40 19 | F2-P2! |e 1.4 eee. 0.005 | II9 
Boss 5591 = Pi. 267] 6.9 | 21 40 | +28 19 | Ag-Ag | +2.3 | 0.061 | 0.009 | 103 

rich tt ealtey |S eetek Cy Se +6.0 |] 0.573 | 0.055 | 179 


Lalande 46867... 


The last four columns of the table give, respectively, the 
absolute magnitude, proper motion, spectroscopic parallax, and 
number of revolutions of the binary in its orbit between the first 
and last observations. Six of the stars were announced as binaries 
in a note by Adams and Joy,’ who have also furnished from manu- 
script the data for absolute magnitude, proper motion, and 
spectroscopic parallax. 

x Publications of the Astronomical Society of the Pacific, 31, 41, 1919 
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The spectroscopic parallaxes for the first, fifth, and sixth binaries 
may be considerably in error, since blends of the spectra of the 
two stars may affect the relative intensities of the lines used for the 
determination of the absolute magnitudes. The spectral class in 
these three cases is indicated for both components. The elements 
of three of the above binaries have been previously announced by 
the writer.” 

The spectrograms upon which the orbits depend were obtained 
with spectrographs of one-prism dispersion and an 18-inch camera, 
the only exceptions being a few plates of Lalande 29330, noted 
in Table IV, which were obtained with a 7-inch camera. Both the 
60-inch and the roo-inch reflector were used: in all cases the let- 
ter prefixed.to the plate number indicates the telescope—a Greek 
for the 60-inch series, and the letter C for the 1oo-inch series. 
Except where noted in the remarks, Seed 30 plates were used. 

An effort was made in each case to determine the period as soon 
as possible and thereafter to secure with the minimum number of 
plates a reasonably good distribution over the velocity-curve. 
In some cases this has led to the determination of the elements from 
rather fewer plates than has usually been the custom. But no 
great increase in accuracy would have been possible without the 
addition of a very considerable number of observations and it was 
considered better to spend the time in the investigation of other 
orbits rather than accumulate observations on a few binaries. 

The tables of observations accompanying the individual discus- 
sions are similar, each giving the plate number, date, Greenwich 
mean time of mid-exposure, the phase from periastron, the measured 
velocity, the residuals from the final elements, the weights assigned 
when any distinction has been made among the plates of a binary, 
and finally such remarks as seemed necessary. When the spectra of 
both components have been measured on the same plate two columns 
for velocities and two sets of residuals are given in the tables. 

A few general remarks will make cleat the procedure which has 
been followed and will avoid unnecessary repetition. 

Since, in every case but one, at least 100 revolutions of the stars 
in their orbits separate the first and last observations, it seemed 


* Publications of the Astronomical Society of the Pacific, 32, 192, 1920. 
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justifiable to assume that the period already determined needed 
no correction. Except for Lalande 29330 and the companion to 
a Herculis, the preliminary period has, therefore, been taken as 
final. The freehand velocity-curves drawn through the plotted 
observations were used to, determine preliminary elements by 
Russell’s method.t When a velocity diagram included the curves 
of both components, the preliminary elements used were based 
upon both curves, excepting of course the semi-amplitude of 
velocity variation, K. For such binaries the elements were cor- 
rected by the method of least squares, using the equations of 
condition given by Harper,? in which a single set of normal 
equations is derived from the observed velocities of both pri- 
mary and secondary. Assuming the period to be known and 
noting that the angles of periastron for primary and secondary 
differ by 180°, it is readily seen that there are six independent 
elements to be corrected, so that the normal equations involve six 
unknown quantities. For the binaries showing only one spectrum, 
the equations adapted by Schlesinger’ were used to derive correc- 
tions to the preliminary elements. 

In all cases where the elements are given for two components, 
those which are common to the two have not been repeated. 
Those which belong to the secondary alone are distinguishable by 
the subscript 1. 

A radial velocity diagram has been drawn for each binary 
(Figs. 1-7). The zero for the abscissae corresponds to the epoch 
of periastron. The curves are based upon the elements adopted 
as final; the individual velocities are represented by circles with 
radii equal to the probable error of a velocity of unit weight; and 
a broken line indicates the velocity of the center of mass (vy). 

The details for the individual stars are briefly as follows: 


BOSS 373 


This star is the brighter component of the double 2145. The 
fainter component is of the eleventh magnitude, 11” distant, in 


1A strophysical Journal, 40, 282, 1914. 
2 Publications of the Dominion Observatory, 1, 327, 1914. 
3 Publications of the Allegheny Observatory, 1, 33, 1908. 
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p.a. 32°. Measures separated by 35 years show no evidence of 
orbital motion. 

Table II gives the nineteen spectrograms available for the 
derivation of the elements, and three others subsequently obtained. 
Fifteen of these gave velocities for both components and showed 


TABLE II 
OBSERVATIONS OF Boss 373 


VELOCITY O-C 
Prate No. DATE G.M.-T. |) Pease) || ee 
Prim | Second. Prim Second. 
km/sec. km/sec. 
7 7272...| 1918 Aug. 27 | 23557™| 32880 | —25.2 | +44.9 | + 6.1 | + 1.4] 0.5 
a7 Oia Septs:204|/22)'53))lnt 1228) 1-08: On| OOS Neto Sat Ona at | 
ALD ahs e Pes ey) Nr heed ty) 12 + 0.5 | +17.8 | 0.5 
7448... Oct). 17 |\\25°26 | 1-560) F308 1) — 28-40) eb osnl en On MOG 
SOc aos Nov. 21 | 18 43 |s0.969 | -+-76.1 | —74.0 | — 5.0 | -- 4.7 | £.0 | 
7500). 22 | 17 50 | 1.934 +10.2 +12.9 | — 0.7 | 0.5 p 
7003.0 Dec. 11 | 17 22 | 3.181 | —76.3 | +90.6 | — 3.1] + 1.5 | 1.0 
OLS 12) | 18°10) ]) 4-212 Io. — 1.2 | +14.7 | 0.5 
7628... 13 | 18 16 | 0.775 | +79.5 | —83.4 | — 9.1 | + 3.4 | 1.0 
7OSOnt TAI MLO. 3Ou nee O2 +10.2 = 9.5 | 2322 | (0.5 
7640... 1s | 19 22 | 2.820 | —68.4 | 4-78.41] — 21 | — 321 2-0 
VOO2ner 18 | 16 34 | 1.269 | +61.2 | —67.0 | + 0.8 | —10.8 | I.0 
7739...| 1919 Jan. xr | 16 48 | 3.106 | —74.5 | --87.2 |) — 1.4 | — 1.5) 2.0 
WOO: ES | 18057) 2.724 | —58.6 | (4-78.04 4-93-38) an Aalto 
Wo or 17 | 16 20 | 0.217 | +72.1 | —68.5 | + 3.8 | — 3.8] 1.0 
FS Sone Feb. 8 | 15 45 | 0.018 | +47.3 | —47.6 | + 1.6] — 7.4 | 1.0 
8942...| 1920 Jan. 6] 15 50 | 3.851 | —35.1 | +47.5 | — 0.6] + 0.4] 0.5 
8958... Q |) 1607 |25420 5) 50.79) 4-55. Olea 7a) tee Ome 
8001... Feb. 6] 15 02 | 3.775 | —44.8 | +53.5 | — 2.1] — 2.4 | 1.0 
0428... Aug. 3 | 23 48 | 1.315 | +60.8 | —44.2 | + 5.3 | + 7.7 ]..... 
9502... 290 | 21 45 | 07622 | -+-81.7 | —60.2 | — 6.9 | --27-7 |o sae. 
9519... Sept. 1 | 22 24 | 3.657 | —55.4 | +64.3 | — 1.0] — 3.2 ]..... 


that both are of spectral class F3. On the other four plates the 
velocities of the two components differ so little that with the dis- 
persion employed the lines could not be separately measured. Mr. 
Joy had obtained 4.4 days as an approximate period, which soon 
led to 4.43474 days as the best value for the assembly of the 
observations about a single epoch. 
The following preliminary elements were found: 

P =4.43474 days K =79 km/sec. 

€ =0.12 K,=89 km/sec. 

@ =270° T =J.D. 2,421,940.65 

W1=90° vy =+5 km/sec. 
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The four plates on which the lines of the two components are 
blended were combined into two normal places; otherwise each 
plate furnished a conditional equation for each component, thus 
giving a total of thirty-four equations. The weights depend upon 
the separation of the lines of the two components and refer equally 
to the velocities for primary and secondary. Two least-squares 
solutions were made with the corrections to six elements as 
unknowns. In the second solution the corrections were small for 
all except wand 7. A third solution was then made assuming all 


elements to be definitive except these two. This solution gave 
km/sec. 


0.0 -+o.5 +1.0 +1.5 +2.0 +2.5 +3.0 -+3.5 Days 
Fic. 1—Velocity-curves of Boss 373 


only slight corrections. The second solution (six unknowns) and 
the third (two unknowns) yield elements from which nearly identical 
residuals result. In either case the quantity 2pv? is little more 
than 50 per cent of its value for the preliminary elements. Apply- 
ing the corrections obtained by the three solutions and deriving 
the probable errors from the second solution we have the following 
final elements: 


P =4.43474 days T=J.D. 2,421,940.9865 +040053 
€ =0.108+0.011 y=+4.6 km/sec. 

@ =205°58+5°02 @ sin t=4,942,100 km 

Wy == TT5 758 5°02 a; sin 7= 5,371,800 km 


K =81.5+1.3 km/sec. m sin3i=1.16 © 
K,=88 .6+1.3 km/sec. m, sin34=1.06 © 
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The probable error of a radial velocity of unit weight based 
upon all the residuals, including those from the four plates with 
blended spectra, is +3.5km/sec. The three observations obtained 
after the elements were derived have been plotted upon the velocity 
diagram (Fig. 1) as barred circles. The velocity for the secondary 
star from ygs5o2 is discordant. This plate is strongly exposed. 
The velocity derived from Hy alone is —81 km/sec., which agrees 
fairly well with the curve. 

OZ 82 

The star is a visual binary in comparatively rapid motion, 
the position angle having changed about 180° since discovery. The 
elements by different computers still differ widely, however, the 
periods ranging from 90 to 158 years. The last available observa- 
tions of the visual pair were kindly furnished by Dr. Aitken. In 
1916 the position angle was about 75° and the separation about 
o”’7. During the period covered by the spectrograms it was not 
possible to separate the brighter star from the fainter on the slit, 
even with the 1oo-inch reflector. Consequently light from both 
visual components entered the slit, but in the time needed to get 
a good spectrogram, component B, two magnitudes fainter than A, 
could produce no appreciable effect upon the photographic plate. 
Consequently the spectroscopic binary here studied is star A. 

The data of the fifteen plates available are given in Table III. 
The five plates taken on successive nights showed the period to be 
close to four days, and a subsequent adjustment of all fifteen 
observations was best made by using P=4.00000 days. 

Since the period is an exact number of days, it was impossible 
to observe all parts of the velocity-curve. Fortunately two of the 
regions that could be observed correspond to maximum and 
minimum radial velocity. Little would have been gained by 
multiplying observations of the four parts of the curve that can 
be represented, and it was therefore decided to derive the best 
elements possible from the fifteen plates available. 

The curve resulting from an assembly of the observations 
about a single epoch gave the following provisional elements: 

P=4.00000 days K=35.0 km/sec. 
€=0.15 T=J.D. 2,422,274 .680 
wW=0°00 y=+37.4 km/sec. 
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These were once corrected by the method of least squares 
applied to the equations of Schlesinger. The resulting elements 
and their probable errors are adopted as final for the data available: 


P=4.00000 days 
@€=0.060+0.020 
@W=+12°74 13°56 


K=36.1+0.7 km/sec. 
T=J.D. 2,422,274 .8123 #042400 
y=+37.4 km/sec. 


@ sin 4=1,980,000 km 
m3 sin3i 
(m-+m,)2 0793 © 
TABLE III 


OBSERVATIONS OF OD 82 


Plate No. Date G.M.T Phase Velocity O-C 
km/sec. km/sec. 
CASSIS Cs oe eee 1917 Dec. 30 18h43™ | 24968 +45.0 +3.6 
(ieee eee 1918 Jan. 30 I5 44 1.844 + 4.3 +0.9 
UCAS cS Oe Mar. 22 15 45 0.844 +34.6 TS 
RTE Se ae cig ore cia Oct. 18 ° 08 2.194 + 7.4 —0.3 
OTS 2 aren «cin sic's sl0s to1g Oct. 13 Cp AG 2.205 + 7.4 —0.6 
SG Oraratekeel ors%e Sco) siere Nov. 10 20 38 3.048 +43.2 —2.7 
BOSOM clara isis the se! s II Ap). sie’ 0.114 +74.8 +2.4 
SOR es ormnirecciciels 0s 12 Wy BS 0.914 +31.5 —0o.6 
(CUI eae 13 22 18 2.117 + 1.0 —5§.1 
OMT en ees ease = 14 19 26 2.998 +42.5 —o0.6 
FY BOOSH aac eck os sss Dec. 9 20 57 0.061 +73.8 +0.2 
GAS CO | Ree z3 16 49 3.889 +76.2 +0.7 
EAA so cles ace 3.2 1920 Jan. 12 19 07 1.985 + 9.6 +5.4 
(OC a ae 13 15 30 2.833 +34.4 +0.4 
(OF Of td ae ee eee Feb. 11 15 00 3.817 +74.5 —0.9 
AIR OOAI Peet nieiige se 1914 Oct. 26 22 10 2.110 +11.3 +5.4 
* Seed 23. t Not used for orbit. 


The quantity 2pv? corresponding to these elements is less than 
50 per cent of its value for the preliminary elements. The probable 
error of a velocity of unit weight is +2.0 km/sec. The size of 
the probable error, the sum of the residuals, the small number of 
observations, and the uncertainties that enter because of the 
limited portions of the velocity-curve which can be observed, render 
further approximations inadvisable. 

After the elements had been derived it was discovered that a 
spectrogram, listed at the end of Table III, had been taken on 
October 26, 1914. The velocity from this plate has been plotted 
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in the diagram (Fig. 2) as a barred circle. Four hundred and 
sixty-one revolutions of the binary separate this plate from the 
epoch of the velocity diagram. If the period were lengthened by 
0.00050 of a day, this velocity would fall upon the curve and the 
distribution of the other velocities would hardly be affected; but 
as it stands the representation is as good as for some of the other 
plates, and the period has been left as previously found. After 
the lapse of several years it will be possible to make any slight 
change in the period that may be necessary. 


eS ae Bee 
cacaee 
VARS 
a ei 
IEC Nee 


0.0 +0.5 +1.0 +1.5 ee +2.5 aa 


+80 


+60 


+40 


+20 


Fic. 2.—Velocity-curve of OZ 82 


From spectrograms of 19 members of the Taurus stream, 
Adams, Joy, and Stromberg? find +39 km/sec. as the mean radial 
velocity of the group. The velocity of the center of mass of 
OZ 82 A found above for 1919 is +37.4 km/sec. Bearing in 
mind that the period of the visual binary is certainly more than 
5° years and that the mass of the visual component B almost 
certainly is less than that of A (it is two magnitudes fainter), the 
radial velocity of component A (+37.4 km/sec.), the proper 
motion, and the position seem to designate the system as a member 


* Publications of the Astronomical Society of the Pacific, 32, 195, 1920. 
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of the Taurus stream. The mean value of the parallax for the 
group from the determinations of Boss and of Kapteyn, and from 
the spectroscopic results, giving equal weight to each, is +0"023. 
If we call M4 the mass of visual component A, and M;, the mass 
of visual component B, we can compute the value of M,+WM>z for 
each of the three orbits given by Hussey.t' Further, if we assume 
the velocity of the center of mass of the visual binary to be 
+39 km/sec., the velocity of B can be derived from the velocity of 
A(+37.4 km/sec.) and the parallax, +0023. From the velocities 


of A, B, and the center of mass the ratio eh can be calculated 


A 
for each set of elements. The values (M4+Mz3) and te then 


give M, and Mz corresponding to each orbit. The auntie 
m3 sin3 4 
(m-+my)?’ 
m+m,=Mz,; hence, if we substitute successively the values of z 
given for each of the three visual orbits, M4 may be split up into 
the two parts m and m,. The results are as follows: 


derived from the spectroscopic observations, contains 


Orbit by Glasenapp Gore Hussey 
Unit is m eyiey/ 3.44 fe 
mass of sun oi fs eos (aed 4-45 3 .O1 ooo Lets 
Ms 0.78 0.68 0.93 


These values are given with the clear understanding that they 
are based upon the assumption that the radial velocity of the 
center of mass of OD 82 differs in nowise from the mean value for 
19 other stars of the group. Furthermore no one of the three 
sets of visual elements is probably correct, nor does it follow that 
i has even approximately the same value in the spectroscopic orbit 
as in the visual orbit. 

Note added February 17, 1921.—Exceptionally good conditions 
of seeing upon the night of November 23, 1920, made it possible to 
separate stars A and B of the visual binary OZ 82 with the 1oo-inch 
telescope, and an attempt was made to secure the spectrum of 
star B separated from that of star A. As the position angle, 75°, 
is not favorable, guiding was difficult. The velocity derived from 

x Publications of the Lick Observatory, 5, 60, 1901. 
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measurement of this plate is +38.6 km/sec. The velocity pre- 
dicted from the elements of the spectroscopic binary, star A, is 
+s.okm/sec. Hence there is no question but that the spectrum 
obtained is that of B. Furthermore this velocity is that of the 
Taurus stream which was used in the discussion of the probable 
masses. The spectral class of B is not greatly different from that 
of A, though probably slightly later. 


LALANDE 29330 


This binary is of particular interest because of its low luminos- 
ity (abs. mag.=+6.0) and late spectral class, Ko. The twenty 
plates upon which its orbit is based are summarized in Table IV. 
Spectrograms upon five succeeding nights led to a trial of periods 
around four days. A smooth velocity-curve was obtained when 
P=4.28495 days was used. This yielded the preliminary elements: 


P=4.28495 days K=38.2 km/sec. 

€=0.10 T=J.D. 2,422,418 .619 

wW=134° 7 =—60.3 km/sec. 
TABLE IV 


OBSERVATIONS OF LALANDE 29330 


Plate No. Date G.M.T. Phase Velocity O-C Wt. 
km/sec. km/sec. 
74886" ...-| 1916 June 18 t9bo9™ | 44095 _ fe ee 0.5 
4985 seni Aug. 13 16 33 4.281 — 56.8 —1.8 Ons 
S759 +++ 1917 May 3 21 30 1.815 — 84.5 —4.8 0.5 
5862" Bet June 9 20 54 0.225 — 67.8 +2.3 0.5 
5918" aie July 1 18 42 0.708 — 93.8 —0.2 0.5 
6040" Pastel Aug. 2 16 15 2.611 — 36.7 +6.8 0.5 
6861" chews 1918 Apr. 25 23 20 3.240 — 20.8 +2.6 0.5 
M23 Uva ses Aug. 21 16 18 0.962 — 94.8 +3.3 0.5 
C2AG eee 1920 Apr. 3 2amiE 0.917 — 99.0 —1.3 I.0 
ICS ge 4 23 42 I.936 — 7553 —o.8 1.0 
ZR Ore welche 5 21 28 2.843 — 31.7 +2.4 1.0 
BO wsjereres 6 22 26 3.884 — 29.9 2.2 1.0 
AO Tieietevetets May 6 20 57 3.826 — 31.0 —1.3 1.0 
ALB aereretets 7 2132 0.565 — 85.1 +3.5 1.0 
ALS Tevet ces 8 18 45 1.450 — 88.9 215 I.0 
433 Moteretec 26 18 57 2ea57 — 59.6 —2.6 1.0 
as hols vist June 4 22 14 2.885 — 35.9 —3.3 1.0 
AOSinisee: 5 18 30 3-729 =) 20.5 0.0 1.0 
UT Tte hin Sake 6 16 Io 0.337 — 80.8 —3.8 1.0 
AQ? een 26 2I 30 3.427 — 20.6 +1.5 0.5 
Gi SLAB July 28 16 36 0.044 —I0I.t —3,1 1.0 


* 7-inch camera. t Underexposed. 
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The first eight plates were secured with a camera of 7 inches 
focal length instead of the usual 18-inch camera. These and one 
of the. later plates, which was much underexposed, were given 
half-weight, all the others unit weight. A least-squares solution 
with twenty-one conditional equations was made by Schlesinger’s 
method for the correction of all six elements. The changes for 
P, K, and y were small, while those for the other three elements 
were of sufficient size to require a second least-squares solution 
for these three unknowns. The deviations from an ephemeris based 
on the resulting elements showed satisfactory agreement with the 


0.0 0.5 1.0 mes 2.0 2.5 3.0 2.8 4.0 Days 
Fic. 3.—Velocity-curve of Lalande 29330 


residuals given by the conditional equations. These elements were 
therefore adopted as final. With their probable errors they are: 


P=4.28503+0.00016 days K=38.1+0.3 km/sec. 


€=0.089+0.024 T=J.D. 2,422,418 .0522 040221 
w=82°49+=13°40 = —60.6 km/sec. 
a sin 1=2,238,160 km 
m sin3 4 


(at ot 


The corresponding value of Zfv* is one-half that from the 


preliminary elements. 
Reference to the table of observations shows that the first 
eight spectrograms obtained with low dispersion give satisfactory 
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residuals, whose mean is very little larger than that of the other 
residuals. This result tends to give one confidence in the observed 
velocities of faint stars of late spectral class, which must be obtained 
with low dispersion. In the velocity diagram (Fig. 3) barred 
circles represent the eight velocities derived with low dispersion. 

It is noteworthy that we have here a star absolutely faint 
(M=+6.0) as the brighter member of a spectroscopic binary 
whose period is short and whose eccentricity is small for stars of 
its spectral class. Attention may also be called to the large 
velocity of the center of mass. The space motion derived from the 
radial velocity, proper motion, and parallax is 75.8 km/sec. with 
its apex at A=116°7, D=—6°8. The rectangular components, 
x, y, 2, where x and y are parallel to the galactic plane, are 
x= —72.2, y=—16.7, 3=+12.8 km/sec.; further L=193° and 
B=10°, where Z and B are the galactic longitude and latitude 
of the apex. These may be compared with the mean values found 
by Adams and Joy’ for 29 stars with large radial velocities: 
L= —59.5,V=—44.5,2= —4.4,0=74.4km/sec.,L=217°,B= —3°. 

The agreement with the stars used by Adams and Joy is seen 
to even better advantage when x, y, 2 are plotted upon their 
velocity diagram. 

COMPANION TO a HERCULIS 

This star, hereafter referred to as B, was found from measures 
of the first two plates to have a variable radial velocity. It is the 
companion to a Herculis, hereafter designated A, whose spectral 
class is Mb and whose magnitude varies between 3.1 and 3.9, 
with a period that is uncertain if not irregular. In the visual 
pair no certain evidence of orbital motion has been found. Boss 
gives a proper motion for A of 0030 and for B of 07032. The 
magnitude of B is 5.4 and its spectral class Fo, forming, with A, 
a striking visual pair, apparently red and blue. Their separation, 
5, makes it easily possible to obtain a pure spectrum of the fainter 
star with either the 60-inch or 1oo-inch telescope, provided the 
seeing is good. 

Table V contains the data for the twenty-eight spectrograms 
available for the orbit. A period of 51.6 days gave a satisfactory 

* Mt. Wilson Contr., No. 163, 1919; Astrophysical Journal, 49, 179, I9Io. 
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assemblage of the velocities about a single epoch and furnished a 
velocity-curve from which the following preliminary elements were 
derived: 


P=51.6 days K=31.8 km/sec. 

e€= 0.08 T=J.D. 2,422,467.13 

W=1sls ? Y= —37.2 km/sec. 
TABLE V 


OBSERVATIONS OF THE COMPANION TO a HERCULIS 


Plate No. Date G.M.T. Phase Velocity O-C 
km/sec. km/sec 
C 60* 1919 Sept. 10 r5h23™ 24010 ge ae het; 
66 19 15 58 II.034 —43.4 +2.2 
TZ ae Oct. 12 I5 03 33-996 —36.2 +4.1 
BSOun a -1c 1920 Apr. 4 o 48 2.042 —18.6 =—3.9 
Aono « May 6 22 28 34.947 =33:.3 +3.7 
BLOW. < 8 2I 04 36.837 ==20.0 cpa Pt 
B22 seve sis 10 23 20 38.980 —25.0 —1.9 
(Go ee 25 23 35 2.400 SGI 2). 
442* 28 23 39 5.405 — 28.3 —3.2 
47ot. June 5 23 48 Read —48.2 +5.0 
4771§ 7 2I 10 15.301 —55.8 +2.5 
SOD = July 3 T5 55 41.083 —17.7 —0.9 
EO ste ah <s 5 IQ 24 43.227 —TOniE +1.5 
CEL Ener 7 16 2 45.104 —16.8 —8.3 
BAG si 23 15 55 9-493 —45.6 =535 
79404*. 30 16 13 16.505 —64.9 —4.0 
he Tose Aug. 2 15 27 19.473 0404 +0.9 
79431 4 I7 50 2E Sie —68.0 —2.0 
i002 wicca. 30 I5 07 47.400 — 6.9 —o.I 
iGo reo ais 15 08 48.460 — 0.8 +6.0 
YOSLA ois a Sept. =x 14 58 49.452 —I1l.4 —4.0 
FOES Tie sos 3 16 I5 51.500 — 3.0 755 
C 647]| 5 15 04 1.867 137 +0.5 
(Oy (SOV NES eee 25 eh AIG 21.876 —65.3 +0.7 
OST Sb aisi« « 26 I5 07 22.870 —67.4 —1.7 
WOSOT. ake =.= 27 14 42 23.852 —64.2 +0.8 
VOSOL: «12: 28 14 58 24.863 —65.5 —1.6 
79616§.... Octss 14 51 29.858 —58.0 —4.5 
* Overexposed. § Strongly exposed. 
t Focus poor. || Somewhat underexposed. 
t Seed 23. 


Since the interval between the first and the last observation 
covers but seven revolutions of the binary in its orbit, it seemed 
best to derive a correction for the period from the least-squares 
solution, together with corrections to the other five elements. As 
the table shows, B, which is really a very bright star for the one- 
prism spectrograph and 1oo-inch telescope, has given in several 
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cases overexposed plates. It is assumed that the necessity of 
measuring upon such plates farther to the violet than usual has 
given the advantage of greater dispersion, which compensates for 
some falling off in focus. Hence all values of the radial velocity 
were given weight unity, and corrections derived from the set of 
six normal equations based upon the twenty-eight conditional 
equations. The resulting corrections proved to be moderate in 
size and effected a reduction of 25 per cent in the value of Zpv’. 


km/sec. 


Fic. 4.—Velocity-curve of companion to a Herculis 


Hence they have been adopted as final and with their probable 
errors are to be found below: 


P=51.590+ 0.002 days Y=—37.2 km/sec. 
€= 0.028+ 0.026 m} sin3 4 

W=27°89 +19°3 (m-+m,)2 °° 1395 o 

K=29.64 +0.77 km/sec. @ sini= 2,102,700 km 


T=J.D. 2,422,468. 581 = 37030 


The probable error derived for a determination of velocity of 
weight unity is +2.85 km/sec. 

Attention is called to the fact’ that the radial velocity of A 
is —32.2 km/sec., whereas that for the center of mass of B as 
here determined is —37.2 km/sec., showing a difference which 
disappears almost entirely if the velocity of A is corrected by an 
amount equal to the difference of Campbell’s K-terms for the 
spectral classes of the two components, as Professor Russell 
kindly suggested to me. The radia] velocity of A then becomes 

* Lick Observatory Bulletin, 7, 113 (No. 229), 1913. 
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about —36.5 km/sec. These velocities and the proper motions of 
A and B are good evidence of physical connection between them. 
A previous statement to the contrary was ill considered even if the 
velocity of A were accepted unmodified, as has been pointed out in 
Nature, June 2, 1921. # 

Coblentz’* radiometric measures of B led Burns? to conclude 
that light from A was probably involved in the measurement. 
This seems very probable in view of experience with the 100-inch 
and 60-inch telescopes whose focal lengths, in Cassegrain form, 
give a much greater linear separation of A and B in the focal 
plane than would be the case with the Crossley reflector used in 
Newtonian form. It may be pointed out, however, that the only 
indication of spectral class available to Coblentz, viz., the designa- 
tion as a ‘‘blue”’ star, is not borne out by the spectrum, which 
is Fo, hence the star is approximately “yellow.” Although it is 
certain that the secondary member of the spectroscopic binary is 
photographically at least one magnitude fainter than the primary, 
for the spectrum is not recorded, its spectral class may be such 
as to help account for the discrepancy in Coblentz’ measures. 


205 DRACONIS 


This binary is evidently the brighter component of the visual 
double 8 971. The fainter component is of magnitude 8.5. Burn- 
ham says ‘‘it, 8 971,is certainly a binary and in rapid motion. ... . 
The measures indicate that the plane of the orbit is nearly in the 
line of sight. The period will probably be short.” The last 
observation reported by him in which the two stars were resolved 
is by Aitken: 

1905.29 p.a. 26°6 dist. 0737. 

Thirty spectrograms were obtained between August 22, 1918, 
and November 14, 1919. Thedataarein Table VI. Both spectra 
show lines when the difference in velocity is sufficient, but the lines 
are so poor that considerable uncertainty attaches to the measured 
velocities, a difficulty increased at times by the blending of lines 
of the twospectra. Observations upon successive nights considered 

t Lick Observatory Bulletin, 8, 104 (No. 266), 1914. 

2 Publications of the Astronomical Society of the Pacific, 27, 110, 1915. 
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in connection with the results for pairs of plates upon the same 
night led to a trial of periods around four days. P=3.76468 days 
was found to represent the observations best and was adopted as 
final. When all the observations had been gathered about a single 
epoch with this period, the two resulting velocity-curves led to the 
following preliminary elements: 


P=3.76468 days K=06.5 km/sec. 


€=0.10 K,=102.5 km/sec. 
w= 166° T=J.D. 2,422,161 .597 
= 346° y=—14.0 km/sec. 
TABLE VI 


OBSERVATIONS OF 205 DRACONIS 


VELOCITY Oo-c 
PrateE No. DaTE GiMPe | PHASE | 
Primary |Secondary| Primary Secondary 
km/sec. km/sec. 
77239...|1918 Aug. 22 | 18537™| of299 |+ 83.9 |—112.4 | +16.9 — 7.3 
72705 Sept. 20 | 18 41 | 2.948 —23.3 (—24.7) | (415.8) 
720 Sune 21 | 17 50 | 0.149 |+ 87.0 |—116.0 | + 11.1 — 1.9 
7395 22 | 17 50 | 1.149 bo ge (+36.9) | (—29.7) 
7404 23 | 17 ot | 2.115 |—109.2 |+ 77.1 0.0 + 4.9 
Hs iob OctI26narsvo5n| 1 ers4: —25.8 (+27.0) | (—41.2) 
8328*. .|1919 July 3 | 20 22 | 2.904 |+ 28.7 |— 53-7 | (434.4) | (—21.7) 
8354... 9 | 23 17 | 1.495 |— 83.6 |+ 56.4 Te2 — 3.3 
8374... 13 | 18 22 | 1.525 |—109.1 |-+- 79.4 =" 0.5 +16.9 
SAET sige 17 | 16 57 | £.702 |—111.0 |-- 72.8 + 1.1 | 2,3 
8416. 17 | 23 390 | 1.981 |—122.9 |+ 88.7 mad fey +10.5 
84177 18 | 16 50 | 2.697 |— 68.1 |+ 23.4 | (—28.8) | (421.6) 
8435 19 | 16 45 | 3.694 |+ 60.6 |—111.3 —17.6 + 5.1 
8438... 19 | 2m 36 | 0.131 |-+ 83.9 |—117.9 73 — WaT 
8441... Aug. 2] 16 27 | 2.622 —27.2 (+23.8) | (—40.8) 
8444... 2 | 2t 22 | 2.827 —21.7 (— 3.5) | (— 2.3) 
8447... 3 | 16 14 | 3.615 |+ 77.4 |—110.4 | + 1.5 + 3.6 
8458t.. 4 | 16 19 | 0.852 |+ 15.7 |— 56.0 | (+20.0) | (—22.6) 
8462... 4 | 2r 55 | 1.085 —14.0 (428.0) | (— 9.4) 
8467... 5 | 25 55 | 1-835 |—103.5 |+ 77.1 +12.7 — 2.1 
OA Aree 5 | 2m 40 | 2.075 |—117.9 |+ 76.0 — 6.4 + 1.5 
C7O3mer Sept. 12 | 15 35 | 2.172 |I— 93.3 |+ 42.7] -+12.0 —25.5 
8765§.. Oct. 1r | 15 13 | 1.042 |— 51.5 |+ 16.7 | (—16.3) | (4109.0) 
37. 70h 12} 15. 23 | 2.049 |—211.3 |-+ 66.5 + 1.4 — 9.2 
Carissee 13 | 15 28 | 3.052 |+ 29.8 |— 55.7 | +12.2 — 0.3 
78786... 14 | 15 18 | 0.281 |+ 63.7 |—113.3 — 4.7 — 6.8 
C 156||.. Nov. 1 | 15 55 | 3.248 |+ 35.3 |— 83.5 | — 9.5 ee oe | 
TT: 4| 15 44 | 2.476 |— g1.o 44.2 —18.7 + 9.1 
2T0}| 13 | 15 10 | 0.158 |+ 76.5 |—118.0 | + 1.0 = 4.3 
2154. 14 | 14 35 | 1.134 |— 50.9 |+ 15.2 | (— 1.2) | (4 2.9) 


*F irst measured as single spectrum; vel. —10.1 km/sec. 
t First measured as single spectrum; vel. —r1.9 km/sec. 
t First measured as single spectrum; vel. —22.0 km/sec. 
§ First measured as single spectrum; vel. —15.6 km/sec.; Seed 23. || Seed 23 
{| First measured as single spectrum; vel. —18.6 km/sec.; Seed 23. ; 
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In deriving the corrections to the elements by the method of 
least squares only those spectrograms were used, nineteen in all, 
upon which both spectra had been measured. These were given 
equal weight and combined into twelve normal places which resulted 
in twenty-four conditional equations of the form given by Harper. 

The correction found for e reduced it to zero, thus giving a 
circular orbit in which of course w and TJ are arbitrary. The time 
of maximum positive velocity for the primary was adopted for T. 

km /sec. 


+80 


+40 


—1.0 —0.5 0.0 +0.5 +1.0 +1.5 +2.0 +2.5 Days 
Fic. 5.—Velocity-curves of 205 Draconis 


Since some of the corrections were rather large, a second 
least-squares solution, based upon the circular elements, was made. 
The quantity, Dv, for the final elements is about 25 per cent of 
the value it had for the preliminary elements. The preliminary 
elements of this binary are somewhat less accurate than was the 
case for the others. Corrected as indicated by the two solutions 
they gave the following elements and probable errors: 


P=3.76468 days a sin i= 5,058,000 km 
K=07.7+2.0 km/sec. a; sin i= 5,089,000 km 
K,=98 .32.0 km/sec. m sin} i=1.48 © 
T=J.D. 2,422,159.7691+0%0178 m, sin} i=1.47 © 


y= —18.8 km/sec. 
33 
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The probable error of a velocity of unit weight derived from the 
nineteen spectrograms whose spectra are separated is 4.5 km /sec. 
In the table of observations the residuals for those plates 
which did not contribute to the normal places have been placed in 
parentheses. It will be seen from the velocities or from the remarks 
that in all cases they were first measured as single spectra. Later 
it was found that by going to the extreme violet end of the spec- 
trum the increased dispersion gave some material for the velocities 
of both components, but in a region that has already departed from 
good focus. These measures have been given in the velocity 
columns, but the residuals indicate their relative inferiority. 

The intensities of the absorption lines for the two components 
were so little different that they could not be used as a reliable 
criterion of phase. The results for K and K, and the similarity 
of the spectra are in accord with this lack of difference in intensity. 

If Burnham’s conclusion that the plane of the orbit of the 
visual double is nearly in the line of sight is correct, and if the 
inclination of the spectroscopic orbit should be nearly the same, 
this binary would be a favorable case to examine for variability 
caused by eclipse. The large amplitudes K and K, are likewise 
favorable to this possibility. 


BOSS 5591 


Table VII contains the data for the nineteen spectrograms which 
form the material for deriving the orbit. Sixteen of these gave 
velocities for both components. The phase could not be determined 
with certainty from differences in the intensities of the spectral 
lines of the two components, which seem to be identical in spectral 
class Ag. As in the case of 205 Draconis, plates on successive 
nights, combined with pairs upon the same night (the latter to be 
sure that the period was not less than a day), resulted in a choice 
of 3.74860 days as best for grouping the observations about a 
single epoch. Preliminary elements were obtained as follows: 


P=3.74860 days K=097.8 km/sec. 
€=0.175 K,=98.0 km/sec. 
w=89°2 T=J.D. 2,422,175 .243 

W1= 269°2 vy=+0.3 km/sec. 
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In correcting the preliminary elements only the velocities from 
plates showing both spectra were used, sixteen in all. The period 
was assumed to need no correction. Three pairs of plates, taken 
in each case at nearly the same time and at favorable parts of 
the orbit, furnished three normal places. Otherwise each plate 
furnished a conditional”equation for both primary and secondary 
star. All plates used were given unit weight. 

Although corrections to the preliminary elements were twice 
derived by the method of least squares applied to the twenty-six 


TABLE VII 
OBSERVATIONS OF Boss ssg91 


VELOcITY O-C 
PraTE No. Date G.M.T. | PuasE 
Second Prim Second. Prim. 
km/sec. km/sec 

7 7408..... 1918 Sept. 23. | rob11™| 04524 |— 63.4 | +65.7 | +12.9 | —17.7 

(cry Berea Nov. 21 I5 10 |} 3.128 |+ 94.7 | —81.0 |] — 5.1] + 0.1 
TEOA we tot 22 16 14 | 0.423 |— 81.3 | +81.4 | —15.9 | + 8.7 
PO20oo6 s Dec. 13 15 16 | 2.641 |-4+- 68.4 | —77.4 | — 6.4 | —11.9 
FORGe. S20 14 14 55 | 3.627 |+ 31.8 | —33.9 | —13.8 | + 2.8 
OARS ian 15 I5 02 | 0.882 |— 98.2 | +97.8 | —12.3 | + 4.9 
B30 ce ote t919 July 11 23 14 | 3-051 |-+-104.3 | —86.4 | + 5.1 | + 3.2 
SS 70nscn. 13 25 55 | 1.247 |— 7A52. +:70.0 1) — S22 | -e2e0 
OARS es: 17 20 38 | 1.445 [— 50.0} +65.6 |} — 1.0] + 8.9 
BAST Ee ort 19 19 45 | 3.408 |+ 94.5 | —82.0] +11.9] — 8.9 
5.0 ee Aug. 2 HO) Sep | Dake +o.2 

‘ov tit es 3 19 50 | 3-417 |+ 87.1 | —85.8 | + 5.7 | —13.8 
8456..... 4 0°05 1-3-5094 |4- 59.9 | = 52.5 | 97.7 ee 
8460..... 4 | 20 06 | 0.680 |— 76.3 | +o5.6 |] + 9.1] + 3.2 
8469..... 5 18 40 | 1.620 +5.0 

SAIZ ne se. 6 © 12 | 1.859 —o. 

CaLIG* =. + Oct. 13 | 16 22 | 3.041 |+105.4 | —80.0] + 6.2 | + 9.5 
128 capes FA) 10) 50 Ong20) | 50258-1007 Gu | eat Os 2m marzo 
129* a i ony 1) |) Seo) ie Aang || Glenys || apiing || ao 

* Seed 23 


conditional equations, the corrections from the second solution were 
so small that the elements adopted as final and their probable 
errors are based upon the results of the first solution. These are: 


P=3.74860 days T=J.D. 2,422,175 .1577+0%0880 
€=0.189+0.021 y=+4.2 km/sec. 
W,;= 82°66 +9°00 a; sin 4= 4,728,000 km 
w= 262°66 =9°00 @ sin 1= 4,662,000 km 
K,=093.22.8 km/sec. m, sins i=1.17 O 
K=02.1+2.8 km/sec. m sin} i4=1.19 © 
3) 
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Attention is called to the fact that in giving the final elements, 
the order is the same as for the preliminary elements, but the 
subscripts have been changed, because the corrections to the 
elements have interchanged the two stars in respect to the semi- 
amplitudes, K and K,, and hence to their masses. 

Substitution of the unknowns derived from the first solution 
in the conditional equations gives residuals in substantial agree- 
ment with those derived from the final elements. 2Zpv? is 64 per 


Fic. 6.—Velocity-curves of Boss 5591 


cent of its value for the preliminary elements. The probable error 
of a velocity of unit weight for either component, on the basis of 
all residuals for plates with double spectra, is 6.4 km/sec. This 
is larger than that for either of the other two spectroscopic binaries 
showing double lines, and is to be accounted for in part by the 
fact that all plates were given unit weight. The spectral class is 
somewhat earlier than that of the others, which involves a greater 
uncertainty in the measures. 
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LALANDE 46867 
This spectroscopic binary shows only the spectrum of a single 
star of class K2 from which the absolute magnitude derived is 
+6.0. The twenty-five spectrograms available are listed in Table 
VIII. The velocity-curye, which proved satisfactory when all 
observations were assembled around a single epoch with P=6.7217 
days, yielded the following preliminary results: 


P=6.7217 days K=+39.2 km/sec. 
€=0.08 T=J.D. 2,422,220. 768 
W = 20°5 = — 20. 2 km/sec. 


Plate y9492, for which the preliminary elements give a residual 
far larger than for any other plate in the table and which was found 
to be in poor focus except in the region of the H and K lines, was 
omitted from the least-squares solution but retained in the table 
because the velocity derived from the emission lines H and K, 
to be referred to later, agrees fairly well with the velocity com- 
puted from the elements. The twenty-four remaining plates were 
given equal weight and the period was assumed to be known with 
the requisite accuracy, since the interval between the first and 
last spectrograms corresponds to one hundred and seventy-nine 
revolutions of the binary in its orbit. When the remaining five 
elements had been corrected by the method of least squares, the 
new elements were found to decrease the quantity 2pv? by only 
3 per cent. Therefore, as so corrected, they are adopted as final 
and are given below with their probable errors: 


P=6.7217 days =—19.8 km/sec. 
3 . . 
€=0.059+0.019 Mm; Sins 4 = O 
w=18°6+16°3 (m-+mx)? rd 
K=38.50.76 km/sec. a sin t= 3,552,300 km 


T=J.D. 2,422,220. 7403 £03005 


The probable error for a single determination of velocity of 
weight unity is +2.8 km/sec. 

Plate 9671, obtained by Mr. Hoge on a partly cloudy night, is 
very strongly exposed and was noticed by him to have two emission 
lines in the violet. These proved to be H and K of calcium super- 
posed upon their usual broad absorption lines. Thereafter an 
effort was made to expose plates strongly enough to show this 
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feature of the spectrum. By using earlier plates which upon 
second examination showed this feature, velocities from these two 
emission lines were secured from twelve plates in all. They are 
listed in a separate column in Table VIII and placed in parentheses 
whenever they are derived from plates on which these lines are 
extremely feeble. Judging from the better-exposed plates, the 
TABLE VIII 
OBSERVATIONS OF LALANDE 46867 


Plate No. Date G.M.T. Phase I hea ees one yee 

km/sec km/sec km/sec. 

76036....} 1917 July 31 23528™ | 04916 — TED alata sore reee eae 
6367 Nov. 23 16 38 1.401 =< 2I5 NS hal a eleveracehe aes Set aXe) 

6499.... Dec. 29 15 or 30725 = AO. 8 roves rare ap Bes 

7214*...| 191&.Aug. 17 23 30 6.548 “3 8)NG Ne Perrine + 7.9 

WORE, Gk, oT 22 47 3.007 55:0 peters san sven a sete) 

PATO ais Sept. 23 21 10 3.114 ==§3'70) ite weer + 2.9 

8722*...| 1919 Sept. 14 22 40 2.927 = GOONS toe nee — 4.4 

C 555.---| 1920 July 27 20 36 3-921 —40n7 let memes — 5.0 
79434.... Aug. 4 22) 23 5.278 BID. ll aslete phates — 2.6 
94927... 28 21 18 2.340 —36.7 —46.4 +14.0 

9504. . 29 23 25 3.440 48.0 tn =627 4) uh va ae 

Gi626... 31 oO 13 4.463 =~ 338 terse terer aes — 4.0 
Gioson ne: 31 2210 5.418 Ean TAC Wad Pe iosietcn atc + 2.9 
yos18f... Sept. 1 21 26 6.357 +15.4 +13.3 — 5.5 
CiGOnmeee 25 16 27 Ba252 —5G5E) llcan eoceee —52".@ 
79578. . 26 20 21 4.415 97.0) | wececae Armee + 3.1 
9587.. 27 21 00 5.442 + 8.6 (+ 6.0) + 4.9 

0505---< 28 19 43 6.389 +20.6 (+25.9) — 0.3 

NVASo gob Oct. 26 19 OI 0.750 + 4.2 + 2.1 + 4.5 

O07 Sere Di 20 15 1.802 — 304 —29.6 hae 

9680.. 28 16 45 2.656 55/10 —57.7 — (#9 

COU38ce. 31 19 31 5-772 0:7 19.3 — 3.2 
Cosi Nov. 1 1732 6.689 +18.2 + 7.7 — I. 
YON B Artilets 21 16 25 6.478 +18.8 +20.2 See: 
C774... 23 19 19 1.876 —35.8 (—34.6) + 4.2 

* Underexposed. 
{ Best focus around H and K. Plate not used in least-squares solution. t Focus poor. 


H and K emission lines yield the same velocities as the lines of the 
absorption spectrum. No satisfactory measures of the H and K 
absorption lines could be made. 

In general the absorption lines of Lalande 46867 seem to be less 
sharp than for the general run of stars of spectral class K2. 

The spectroscopic binary o Geminorum, spectral class Go, 
abs. mag. +1.1," has been noted both by H. M. Reese,’ who announced 

* Mt. Wilson Contr., No. 142; Astrophysical Journal, 46, 313, 1917. 

2 Lick Observatory Bulletin, 2, 29 (No. 31), 1903. 
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its variable velocity, and by Harper," who published its orbit, to 
have abnormally fuzzy lines. Schwarzschild? reports having ob- 
served H and K emission lines in objective-prism spectrograms 
of o Geminorum. A plate of this star obtained by Mr. Duncan 
for the writer showed emission lines H and K but, relatively to the 
adjacent continuous spectrum, these were weaker than in Lalande 
46867. The velocity derived from the emission lines was in close 
agreement with that for the absorption lines and agreed as well as 


km/sec. 
+40 


+20 


exer 
AERIS =. 
aes: 


—2 —I- ° +1 +2 +3 +4 Days 
Fic. 7.—Velocity-curve of Lalande 46867 


could be expected with the velocity computed from Harper’s ele- 
ments. Hence these stars present several points of similarity: 
(a) spectral class; (0) character of absorption; (c) presence of 
emission lines for H and K; and (d) the fact that both are spectro- 
scopic binaries with eccentricities smaller and periods shorter than 
the average for binaries of this spectral class. There is a notable 
difference in the absolute magnitude (o Geminorum, +1.1, 
Lalande 46867, +6.0), associated with emission lines which are 
stronger relatively to the continuous spectrum in the case of the 
absolutely fainter star. 


Mount WILson OBSERVATORY 
October 1920 
x Publications of the Royal Astronomical Society of Canada, §, 200, 191T. 
2 Astrophysical Journal, 38, 292, 1913. 
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WAVE-LENGTHS OF LINES IN THE IRON ARC FROM 
GRATING AND INTERFEROMETER 
MEASURES } 3370-A 6750 


By CHARLES E. ST. JOHN anp HAROLD D. BABCOCK 
ABSTRACT 


Wave-lengihs of tron-arc lines from 3370 to \6750; grating and interferometer 
measuremenis.—To avoid errors due to pole-effect a 12-mm, 5-amp. Pfund arc was 
used. This arc has also the advantage of yielding very sharp lines. To eliminate 
instrumental errors, spectrograms made with two Michelson and three Anderson 
gratings and with four pairs of interferometer plates were compared. Table III 
contains the mean results for 1026 lines, of which 976 were measured on each of from 
1 to 62 grating spectrograms and 576 on each of from 1 to 39 etalon spectrograms. 
The agreement shown indicates that for most of the lines the weighted mean wave- 
length is accurate to o.cor A. Im the case of 250 stable lines, the agreement with 
Bureau of Standards measurements is good. But for 46 lines of groups cs and d, 
the Bureau measurements are systematically greater, the mean difference being 
0.007 A, due to pole-effect in the 6-mm, 6-amp. arc. Of 78 International Secondary 
Standards measured with the interferometer, 62 stable lines came out as follows: 53 
within 0.001, 8 within 0.002, 2 within 0.003, and 1 within 0.004 A of the 
adopted values; while in the case of 16 lines belonging to groups ¢5 and d, the Inter- 
national values are systematically greater, the mean difference being 0.007 A, due 
to pole-effect in the arcs used in the original determinations. Evidently these sources 
had the same order of pole-effect as the 6-mm, 6-amp.arc. Ghosts and reversals gave 
the same wave-lengths as those obtained from fine lines produced in the core of a 
lean arc. A comparison of readings from long and short exposures of the same 
lines showed no intensity effect in the case of interferometer measurements. 

Spectroscopic measurements —(1) Method of reduction of interferometer spectrograms. 
The elimination of a gauge plate over the slit and the introduction of a plate constant, 
Kx, which may be determined from measurements of the ring diameters alone, 
greatly reduce the labor of measurement and reduction, without decreasing the 
precision. (2) Comparison of grating and interferometer. The advantages and dis- 
advantages of each are discussed. 


I. INTRODUCTION 

In a previous paper’ we discussed the influence of pole-effect in 
the iron arc upon the measurement of the wave-lengths of certain 
lines in the lists of adopted secondary and suggested tertiary 
standards. It was shown that the arc 6 mm in length, carrying a 
current of 6 amperes, adopted at the Bonn meeting of the Inter- 
national Union for Co-operation in Solar Research, gave a pole-effect 

1 Mt. Wilson Contr., No. 137; Astrophysical Journal, 46, 138, 1917. 
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of +o0.006 A even in its central plane, and that the wave-lengths 
of the secondary standards belonging to groups c5 and d were 
affected to approximately the same amount. This has been con- 
firmed in the present investigation. 

In the Report of the Committee on Standards of Wave-Length 
adopted at the Washington meeting of the American Section of 
the International Astronomical Union? the source to be used in the 
determination of iron standards of wave-length is defined as “the 
Pfund arc operated between 110 and 250 volts, as convenient, 
with 5 amperes or less, at a length of 12 millimeters, and used 
over a central zone at right angles to the axis of the arc not to 
exceed 14 millimeters in width.” Under these specifications 
the iron arc yields wave-lengths that appear to be free from pole- 
effect and is easily workable for wave-lengths shorter than 6000 A. 
For longer wave-lengths the time of exposure is excessive and 
pole-effect is not entirely eliminated. 

The committee also recommended that independent measure- 
ments be made with the grating and with the interferometer, “‘on the 
ground that the errors of these two instruments are largely comple- 
mentary.” Inthe determinations carried out by us, both methods 
have been employed. 


II. APPARATUS AND METHODS 


The apparatus used for the interference observations is in the 
main the same as that described in a previous paper.? It is now 
permanently installed in a double-walled, wooden case with con- 
venient arrangements for projecting the light into it. Various 
etalons have been used, the plates being either of fused quartz or 
glass, and the separators of invar or fused quartz. The thickness 
varied from 2.5 mm to 15 mm; most of the photographs were taken 
with etalons of 5, 7.5, or 10 mm. The rings were projected upon 
the slit by a concave mirror having a focal length of 633mm. No 
thermostat was used in connection with the interference apparatus, 
as efficient protection from temperature changes was afforded by 


* Proceedings of the National Academy of Sciences, 6, 367, 1920. 
* Mt. Wilson Contr., No. 137; Astrophysical Journal, 46, 138, IQI7. 
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the housing. On the longest exposures no loss of definition can 
be observed, and the results from these plates show no systematic 
deviations from those yielded by short exposures. The inter- 
ferometer plates were several times resilvered by cathodic deposi- 
tion. On account of the different ratio between its reflection 
and transmission coefficients, gold was occasionally used for one of 
the reflecting surfaces. The phase-change corrections have been 
evaluated in the usual manner by plotting the differences between 
observed and known wave-lengths for the standards occurring 
upon each plate. The correction-curves have always been straight 
lines. No correction for atmospheric dispersion has been applied, 
since the standards are distributed throughout the extent of each 
region photographed. 

Careful attention has been given throughout the investigation 
to the adjustment of each part of the apparatus, and no difficulty 
has been experienced from mechanical disturbances. The etalon 
was so located with respect to the mirror which projects the rings 
upon the slit as to bring an image of its diaphragm into focus upon 
the grating, in accordance with the remark of Buisson and Fabry 
in their important paper.t Furthermore, the size and shape of the 
diaphragm were so chosen that its image was much smaller than 
the grating, and the slit-width was so adjusted that diffraction 
never widened the image beyond the lateral boundaries of the 
ruled surface. These precautions and the use of large apertures 
in the projecting systems insured uniform illumination upon the 
photographic plate of several more rings for each line than were 
actually used for measurement. 

As indicated in the paper already referred to, the method of 
reduction employed at Mount Wilson for interferometer plates is 
not the same as that described by Buisson and Fabry, Pfund,’ 
Burns,’ and others. These observers derived the fractional order 
of interference by means of an equation of the form 
_ 6D? 
eel 


€ 


t Journal de physique, 7, 169, 1908. 
2 Astrophysical Journal, 28, 197, 1908. 
3 Bulletin of the Bureau of Standards, 12, 179, 1915. 
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where 

¢=fractional order of interference for the ring whose linear diameter 
Sie) 

6=angular distance of standard gauge marks in front of the slit, as 
seen from lens which projects the rings on the slit. 

L=linear distance of photographed gauge marks for the same 
spectral line. 

p=order of interference at center of ring system. 


This requires, in addition to the photograph of the interference 
pattern, an exposure to the spectrum with the etalon removed and 
the gauge plate inserted in front of the slit, from which the value of 
Lis obtained. The quantity 9 has also to be determined from 
independent-observations. 

A simple transformation of this equation, however, makes pos- 
sible a marked saving in labor and offers other advantages which 
are referred to below. If we define by m the magnification of the 
spectrograph for a given spectral line, and let F be the focal length 
of the lens or mirror which projects the rings upon the slit, it is 
readily seen that in the equation above @/L? may be replaced by 
1/m?F?, giving 


or more generally, for the n” ring, counting the innermost as the 
first, 
n—1+e=KD3?, 


where K is written for p/8F?m?. It is evident that both e and K 
may be determined from this equation if two diameters are meas- 
ured. For any two consecutive rings, for example the first and 
second, it is seen that 

r 


Dee bey 


An increase in accuracy may be obtained, however, if the condi- 
tion is imposed that m be constant for all spectral lines upon the 
plate. Ife is the thickness of the etalon, 


Be 2 
SF2m? 82m?’ 
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which is a constant for the plate considered. The determination 
of this plate-constant and its application to the problem will be 
understood from a description of the procedure followed. 

Two measurements in reverse directions are made upon the 
diameters of each of the first two rings for every line upon the plate, 
except when the fractional order of interference is judged to be 
less than o. 3, in which case the measures are made upon the second 
and third rings instead. The two observations upon each diameter 
are then averaged, and the rough value of the wave-length is 
divided by the difference of the squares. The number thus derived, 
in which only four significant figures are retained, is a value of the 
plate-constant, K\, the accuracy of which is then increased as 
desired by using a sufficient number of lines. The refined value 
of the plate-constant, divided by the rough wave-length and 
multiplied by the square of a ring diameter, yields the fractional 
order directly. The two fractional orders thus obtained from the 
two rings measured are averaged to produce the final fractional 
order. In practice it is found that the probable error of a single 
determination of the plate-constant is about 0.6 per cent, from 
which it follows that the mean of 35 or 4o values will have a prob- 
able error of one part in one thousand, the accuracy aimed at in 
these measurements. It may be remarked that no systematic 
difference appeared in the fractional orders yielded by individual 
rings for the same line. 

The assumption of constant magnification in the spectrograph 
over the field used, while not rigorously true, is found in practice 
to be permissible in the case of the apparatus employed for this 
work and also for a plane-grating spectrograph of the Littrow 
type having a glass lens of 18 feet focal length. An extreme case 
is found in a quartz spectrograph wherein the normal to the photo- 
graphic plate stands at an angle of 65° with the optical axis of the 
camera lens. In the ultra-violet the magnification for this instru- 
ment varies as the square root of the wave-length, and the plate- 
constant is KX? instead of KX. In general the method can be 
applied without difficulty for any type of spectrograph by a slight 
modification of the procedure described above. 
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In the course of the present investigation many determinations 
of the plate-constants have been made. It has been found that for 
the same adjustments of the spectrograph, K) for different plates is 
constant within the errors of observation when the etalon is the 
same, and that etalons of different thickness give plate-constants 
in the ratio of the thicknesses, as indicated by the equation above. 

Furthermore, it may be pointed out that, when the interference 
rings are projected by a concave mirror upon the slit of a spectro- 
graph of the type used for this work, it is easy to derive a funda- 
mental instrument-constant from which the plate-constant, Kd, 
may be obtained directly from a knowledge of the setting of the 
spectrograph camera. As indicated above, however, the practice 
followed in this investigation has been to determine KX from each 
plate, in which case the instrument-constant serves as a valuable 
check. 

An application of the laws of propagation of errors to the two 
equations stated above for deriving the fractional order of inter- 
ference shows that in general the probable error of € is larger for 
the method of Buisson and Fabry than for the Mount Wilson 
method. ‘This is to be expected from the fact that in the first 
method auxiliary quantities 6 and L must be observed, the effect 
of whose probable errors can only be to increase the probable 
error of the result. A comparison of the results of our interfer- 
ometer measurements with those of other observers, as well as 
with values derived from gratings, strengthens the conclusion that 
the method used by us for deriving fractional orders involves 
no sacrifice of accuracy as compared to the procedure usually 
adopted. Furthermore, the simplicity and directness which 
characterize the new method, the lessening of the necessary photo- 
graphic and microscopic observations, and the additional numerical 
checks which become available through its use combine to lend 
it weight and emphasize its value. 

In the region  3370-A 5662 the interferometer plates were 
measured and reduced for the most part by two observers inde- 
pendently; the weighted means of their results are given in 
Table I. Over the region of longer wave-lengths most of the 
measuring was done by one of them, but nearly all of the lines 
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tabulated were measured and reduced by a third observer upon 
a selected list of plates. A comparison of the results shows that 
the various observers are in excellent agreement, no systematic 
differences of any significance being found between them. It is 
probable that effects dependent upon personal equation are too 
small to influence the final values. 

The grating measures include only the stable lines from the list 
published by St. John and Ware,? but cover all the lines in the two 
new series of plates. The old series by St. John and Ware, \ 4118- 
d 6500, was taken with the 30-foot Littrow spectrographs on Mount 
Wilson and in Pasadena, for which Michelson plane gratings with 
available ruled surfaces 37 X114 mm were used in the second-order; 
scale, o.88 A per mm. In the new laboratory series the 15-foot 
concave-grating spectrograph’ was used in the third order for the 
region \ 3370-4200. The grating, made by Anderson, has a 
ruled surface 50X106mm; scale as used, 1.25 A permm. From 
d 4100 to A 5658 the 30-foot Littrow spectrograph with an Anderson 
grating, ruled surface 6372 mm, was used in the second order; 
scale, 0.88 A per mm. The new mountain series, \ 3600-\ 5500, 
was taken with the 30-foot spectrograph of the 60-foot tower tele- 
scope. The second order was employed; scale, 0.88 A per mm. 
The grating, ruled surface 114X160 mm, was made by Anderson 
and loaned by the Physical Laboratory of the Johns Hopkins 
University. 

The comparators used were constructed in the observatory 
shop; the screws have been tested and found satisfactory. The 
standard measuring machines have screws 20 cm long; one specially 
designed machine with a screw 50cm long furnished an excellent 
means for adjusting the reference lines, as its exceptionally long 
range allows the inclusion of many standards in a single run under 
constant conditions. 

Two methods of reducing the grating data have been used. 
In one the interpolation between standards was made from a curve 
whose abscissae are the mean wave-lengths of adjacent secondary 


1 Mt. Wilson Contr., No. 61; Astrophysical Journal, 36, 14, 1912; Mt. Wilson 
Contr., No. 75; Astrophysical Journal, 39, 5, 1914. 
2 King, Mt. Wilson Contr., No. 84; Astrophysical Journal, 40, 205, 1914. 
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standards and whose ordinates are the scale-factors for the inter- 
vals. In the other, the wave-lengths were calculated from an 
empirical formula derived from three standards, of the form 


A=a+bx-+cx?. 


A curve of corrections was obtained for the deviations of the other 
standards from the calculated values. 


TI. THE REGIONS OF THE SPECTRUM COVERED 


The interferometer measures extend from i 3370 to A 6750. 
The grating series cover the regions \ 3370-h 5658 and Xd 5975- 
6500. The gap between \ 5658 and 2d 5975, owing to the dearth 
of suitable standards in this region, is too wide to bridge with the 
grating. In both the grating and interferometer series all measur- 
able lines were observed. The new laboratory series of grating 
plates were greatly varied in exposure time in order to obtain a 
wide range of line-intensity. When feasible, measurements were 
made upon lines reversed and unreversed and also upon clearly 
determined ghosts. 

IV. SOURCES 


For the region \ 3370-A 6000 the interferometer photographs 
were taken from a horizontal zone, 1mm wide, at right angles 
to the axis, of a 12-mm Pfund arc carrying 5 amperes or less. For 
the region \ 6000-6750 the integrated light of a somewhat 
shorter Pfund arc was used, only stable lines being measured 
upon the plates. 

In the early series by St. John and Ware no particular attention 
was at first given to the character of the arc, which in general was 
approximately 5 mm long, or to the portion from which the light 
was taken. For this reason only the wave-lengths of the lines not 
subject to pole-effect are retained. In the new grating series the 
wave-lengths are those given by a 12-14-mm arc with a current of 
5 amperes. In the four grating series the wave-lengths of the 
stable lines are in excellent agreement. The wave-lengths of the 
lines showing pole-effect depend only upon observations made on 
the arc recommended by the American committee. 
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V. RESULTS 


The wave-lengths with related data are entered in Table I. 
The third column gives the group and class. When both group 
and class are shown the allocation is taken from the paper by Gale 
and Adams.t* When no-entry appears, the line is practically free 
from pole-effect, but data are lacking for definite classification. 
Groups c5 and d contain all the lines with recognized positive 
pole-effect; as our data are insufficient to differentiate the two 
groups, the lines not in the list of Gale and Adams are provisionally 
assigned to the major group d. Lines with a negative pole-effect 
constitute group e.? An interrogation point indicates that the 
evidence for grouping is contradictory. ‘‘G’’ and “I” relate the 
remarks to grating and interferometer respectively. The depend- 
ence of the wave-lengths upon direct measurements, ghosts, or 
reversals is indicated by ‘‘direct,” “g,” and “‘r” in the correspond- 
ing combination. The other symbols are those suggested by 
Burns’ and recommended in the Report of the American commit- 
tee.4 “A” indicates a probable error less than 0.0007 A; ‘‘B,” 
©.0007 A-o.co12 A, and “‘C,”’ that the determination is poor; 
“h” =hazy; “1” =shaded to red; ‘‘v”’ =shaded to violet. 

While the interferometer spectrograms were under the micro- 
scope, weights 1, 2, and 3 were assigned to the various lines, corre- 
sponding to poor, average, or excellent quality. This furnished the 
basis for combining the observations and also for grouping the final 
wave-lengths into three classes according to the total weights 
attached to them. The classes A, B, and C, equivalent to those 
recommended by the committee, have in general the following 
limits and numbers of lines: 


A=weight from 10 to 159; number of lines 352. 
B=weight from 4to 9; number of lines 111. 
C=weight from rto 3; number of lines 113. 


™ Mt. Wilson Contr., No. 58; Astrophysical Journal, 35, 10, 1912. 

2St. John and Ware, Mt. Wilson Contr., No. 75, p. 4; Astrophysical Journal, 39, 
8, 1914. 

3 Lick Observatory Bulletin, 8, 29, 1913. 

4 Proceedings of the National Academy of Sciences, 6, 367, 1920. 
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le : 

BROS AGO sn ail mas see lene 4 LO ef aeisa ey aris ners 
3808 . 733. Ee eee 25 A 2 B 
STOR TOF ae ldie e cles ates 25 Be eacrerre | eens: 
CASTE te. Ganeeeed fry Abe ga RR Io Ge Sh xaneets | aatete rs 
3812.0967. EQOGT leaetaes 37 A 32 A G, direct, r 
BORON a einen Toten se Bae) OF tise Scalar 
BORS BOAO eis ofa cues [ew csste a 17 OT lp obinad banacor 
3814.527 SS2O Herter 24 A I (C 
3815 .843. 843 | br 24 A 23 A G, r; I, r, direct 
RORORSAQ or | Ne eros | Wieiehe <i 24 ea ecraetdl Geen g 2 
3820. 430. B20: lnaecak 53 A 21 A G, direct, g, r; I, r, direct 
3821.181. Sek ae 4I A Ir A 
Beat eosOe |. cei. sitsee ccs 22 Bis | ieccagtaeate 
BOseeO Osc [sie sits] eee ores 8 Bie | eeeters|isgemtnete 
3824.444... A240” eek 25 A 26 A G,r 
BOPR eA GOR Mere | pveve ecie'l aie fevciere 2 CAT hereon leer. 2 
3825 .884. 885 | br 40 A 24 A G, g, 1; I, r, direct 
BOOP as Orme rilsi csi] sete os 3 Oo etic oiea Caceres 
Boreas Tie el etree betae state Io TS Pee be ee te nea oe 
3827.826. 826 | br 28 A 27 A Gyeyr 
BO2OR To Terr |p cece: d 3 Bee leaker lances 
ote tioubyte haces aoetoeke| Geeaae 3 Loy ile Ae reel lence see 
Aone heat eee d 2 ve ose hoes ie 
3523..312 BTA M |G simictes 39 Ti { 
3834.224 225} Ox 32 A 25 A G, g, 1; I, r, direct 
3836 .334. eer ullbesaod 25 A 7 A 
BOG tee A ware ce\|iociae asi|\erersttiocs 4 Come | seercgeccil presente 
3839 .260 BI) leone bc 23 A 9 A 
3840. 430. EASON eset ais 28 A 23 A G, g,r 
3841 .051 (ey ed Gone 50 A 23 A G, direct, g, r 
3843 .260 ZOOM iver 26 A 16 A 
BOeSnOGA re e|a<ct | 2 satis 4 (OP A Semorina ade oe 
AS MO MAT Ass te | lores tere: «i]s: alesis = 12 : Sais Gal ts in x 

846.805. ESOAS Kate are 30 12 k 
oe aes BO UE hiow fetes 32 A 28 A G, direct, r 
3850. 821 Ppa loan 20 A 21 A 
3852.576. S76) idee 32 A 9 A 

SIDR OA Oe ets|||aavs tae = Bolt Ks lhe cevaal toca ue ; 
38e6 se sah Hey AM locoode 28 A 209 A G, g, 1; I, r, direct 
3859.216... Pha oy aoa 30 A 7 A G, direct, g, r 
3859.915. FOIA aaa 20 A 22 A I, r, direct 

OTSA Ie alllereis pete « stoetes 15 oy) herein lomo oe ; 
ee ee BPS 27.2 [ersten coke 31 A 32 A G, direct, r 
BOO elo Eerie 222 |e cic s=)s 23 A 8 A 
Bel igeecoe| Abs e |een ace I4 B 2 G 

Estee ee No tle el ee ee 
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GRATING INTERFEROMETER 
nes niger 
e 
Plates Eon g Plates x pe 
34 A 29 A 
21 A 8 A 
15 Ad CS cesevall a ot orate 
26 A 22 A 
24 B 20 A 
Il B I (@ 
17 B 3 Cc 
24 C 4 B 
17 © 20 A 
27 B 20 B 
23 B 29 A 
16 Biv | sisters | cess 
16 C 3 B 
Be) B 5 A 
6 By, [ee catsc ovaares 
I OT beeeccereshl (Macrae 
7) B 30 A 
5 Bi \AlletelHerscs |e erate ate 
Io Baciareimeroeres 
2 Or IRs enal (ects cae 
14 B 28 A 
6 BS Cae sates clernde aes 
4 A 21 
16 pee A heby trial -arerncht 
13 Cc 23 
12 Te Wik Wee pa va 
3 SN AS ees 
16 C 6 B 
7 By ee ae tee ieee 
ae tavedeysi|lateterate ts 2 B 
8 B 2 (c 
13 A 5 A 
14 IB youl sscroerecs | aoe 
16 A 6 A 
I4 Bio tierce meee 
13 Bs \s cranes [tear ae 
14 Byes one 
13 ep Wa eas x3] ei 
II B 19 A 
3 Cho) Isaacs eet 
II C 17 
Io Bibi raiaere| ereense 
15 B 5 C 
18 B 16 A 
Io Ba acess | eysreene 


» 
Group 
Grating [inerer 

eteh Patel Onciu all lackey (liocue.6 
S76 7 OA cetera Mel ZO Si alone 
fel Dale Goal loa dab aaaor 
3878 .023.. KOZ2 Ws gist sans 
3878.576.. A Aad (rena 
efetskefeteY Gu 6 alll acts” s|louboct 
BSSausogeeen | 3 5on re 
Ag Giese call ace?) [PD 
3886 . 286 .285 | ar 
3887 .052 .055 | or 
3888 .518... 518 | br 
foley Whagallecaase b 
3891 .934....| .926] Db 
3803 300caer SOO) les ators 
3S0 32 20scersl| ce tetssesll settee: 
BEOAU OOF sstre [scsi eeilicr erence 
3895 .660... 660 | ar 
BSO TEAS Tse eia| siecerterel sea ete 
B8Q 7 oO Geen |store. b 
BSOOHOZO enn llstatsreste é 
3809 .713... TIOM ar 
BQOONGST. gant cher sieell setter 
3902.948....] .950 | bx 
3003n004sarel| cence b 
3900. 486. .484 ] ar 
BQOOE 7SOna vill srtevereell renee 
BQO 7s A OO carers niersrsicre tie ave ets 
3907 .940. 936 | b 
BQOOOOOsarell rei ctl stoners 
3000) .832 | 6 
BOTORSAS sa o4 Talc 
ROE OO besa) ORG |) 18 
BOLOs Taya acne b 
3917.186 .186 | @ 
Ceptles Paes alloucu. del moos 
BOLOEA2 Or eae ccentel reeitets 
ZOLSHOAG Sas) eee b 
BOTOLO/ Pesan cee 6 
3920. 262. .260 | at 
BO 20RGA Tene vets d 
3922.015.. .916.} ar 
BO2SHOAG alleen b 
3925-945....| .950 | at 
BO27 O23 ee eTO2A alee, 
BO25.08/ eral ae neet d 


REMARKS 


G, direct, g, r 


G, diréct, r 
G, direct, g, r; I, r, direct 


G, direct, r; I, r, direct 
G, direct, g, r 


G, direct, g, r 


Diff.>error 
G, direct, g 


G, direct, g 
G, g 
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eeSV6VNNNNNi{jNHNeN6ée’zaot*™la—“=*o*nana@jqo”a$s$—=$~=$™—0S$SaaE“8NRSaOoS ey ooo 


aN GRATING INTERFEROMETER 
: Interfer- ona Proba- Proba- eens 
Grating SakEcr Plates oe é Plates Pet : 
BOZOMELON eit se cele <lisforaton "3 OF cence tay ana? 
BOZOR SLOW aia nmncls «onic. 3 Oe lain ered ets aces ; 
3930.301....] .300 | ar 18 & 16 A G, direct, r 
RORPE Ledeen mies | acces 6 CE aici le ieee 
BOs22080.5..|) .O3r | b I2 A 3 B 
SEO LONG [nines ais Sete eae 2 ee ered ence 
BOS ROOS sa loath ote 3 (CoA eee eee ae 
SOS Ol fess | .Ol7 |i 0 15 B 7 A 
BOSTESsO.. an] 332 b 5 B 2 (CO; 
3940.883....] .883 ] a 19 B 7 A 
BOARS So. = oars ake d 6 (Oe A Boseed tone 
B042.445....| .444 | 6 ro B 8 A 
BO4SE SA sei iel'ss'oiars b 4 do |e omreeral Mexontcts 
BOAAATSOs.i0 | cri eoe | sane « 2 (Om an5,288 onan 
BOAR SOR See ciate sis b 6 BS > | seeveyerores areceanwene 
Bosse re Leccislt cyte or b 7 Baal cee aal| sorte er 
OA eOOW er stalls ocelsjawe [es crates 7 Bi aes | sean 
BOLTS S5acc ise ee as b 12 Be VW hvaieor al ersietaccs 
SOAS ETOP a c.feocs es d 14 Beil iee cen lasinees 
3948.780....| .781 | 5 15 A 4 B 
3949.958....] .958 | 3b 15 A 4 A 
BOSEALOGsE fe 72"). 00 15 (© 3 Cc 
BO52.607-..-1 007 |) 8 15 A 6 A 
BOGS US Osa. «|e pices b 9 Moe (oot (eco 
ZORRECLy tae Baecee d 4 CO nese tl ettties. 
3955-958 coed PRA 4 ; * a Pits areca 
3950.403....| -459 
3956.681....] .682 | 64 12 A 6 A 
BOS 7 eO20se aio ciacke d 12 AS A ezemterod)| (2 eteret 
BOGO. 280s | eco. ca | sae e ns 4 Go Pao ea oer, 
BOORETAQs 4. 5 cto cualeraitere arars 4 Cae Gretta eters 
BOOS RLLO. o.)-1|'2r- ores d 8 Oe ees aol an resoe 
3004.520....| .528 | 3b 8 C I 
Hos Caan Oral emore d 2 Ca perce (can cen 
3966.067....| .067 | 6 14 A 7 
BAGG#OR 2.55 (el|(ctero s+ < e 13 Bo facartewssilinetenneys 
Hane thoon [pee aa e 2 (OF BA aeeral bie are 
3967 -424-. salt CEM Ibs sec 4 i 2 
ee eit Oi | A MSca el sate 

ae mall eee |) Oe 27 B II A G, direct, r 
BOOQHOS Oscgers||sreracstonl|(ayerscernes 5 Bee aaah aeetoras 
BO ZOR20AG cvel| sere ole\ |e «are lo 2 2 Eo HOLS ecto 
BO OES OS saree peter eel b 3 Rolla ne 
Rap aeeca dl) eye | WY 20 : 9 
BOVeeOs jameellaecn: b Et Whee pecctallaacares 


SE ee a  ———————————— 
59 
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a 
—————————————— —O—O—“_—OOC1010VvCSsSSSSSSSSS0—0$@™@_(——[—a\—wa{jawa—=>—=mm—=—=—=™=™— 


x GRATING INTERFEROMETER 
0 Interfer- otis i ae ae ey PaaS 

Grating enckee Plates ple Plates eae 
BOTA 300s | saisvaveysil oncieces 2 (Orie | eames eerie. 
39760.617....| .617 | @ 7 B I C 
BOTORSO Tere chi ciel oileniers 6 Cea aie es eee ce 
3977-745-.--| -745 | 54 | 14 | A TO.) ca 
3981. 776. Tigied 16 | B Sia ee 
3983 .963. 961} 5b 15 A 10 A 
BOSSE3O urea |earethans erties 5 Crna | eee al eee 
3986.178. 178 | 5b II B I C 
BOSOnSOksine| seal eine 5 Oi0E | tos Giclee 
ZOGO So Lanes asrat b 7 a ar) [sere lence wear 
BOOLaL LON | ees eens b 7 Co reveteiena sae sae 
BOOS = cole ee Sed ba Ce 2 Go ee ever ale cee 
BogssooSeser|iasieee b 5 Bs hl arerceate ctepeverets 
BOQ0KO7O.nn eee b 7 CYS Es Getta | Sueeet 
3997-396. 306 | 54 14 | A II A 
3998 .058. 059 | 3b 13 A 9 A 
AOOON 208 Nita eeteee orl caer 2 { Sram Ieee Far tS ea 2 
AOOOMAGOse el er ete b 2 OPA Ineo neh ete A 
4001 .669. 666 | 3b 8 (e 4 B 
AOOZ 2700 se sialiieres cles b 4 Bi SARA Sal Si atercree 
4OOANSS4 oral aise b 2 Coy-4| Seema nei 
BOOS 07 Seceialicecein b 2 (OH | tartar Rcanesk 
4005.247. .247 | br 16 B 13 A G, direct, r 
AOOO NZI Osmiaye| sete nee b 7 CORI eral Seecne 
AOC O33 xeers| cei b 5 Ope inet errand 
AOO Te 27 Osea eect b 14 Becta aeoreie re 
4009.717. ee | 14 B II A 
AOVS OAS cctia| ae cteital| emis I Coa uaa sere 
AOTRUGQA era lneneear b 5 Cys a ae 
4014.536. Se || 14 A 9 A 
4017 .157. 158 | b 13 B 4 B 
PRON IAr Ley. b.) AR piensa Pealale 2 Coes lca ere 
4021 .871. 872 |. 6 8 A 12 A 
AO2ASTET oral teeters eater 2 Crit Mae aster [te 
4024.738. STS {| Oe 3 GC 2 C 
AOZONs Olentinlaernir d i] Binal eee eeees 
AOAOHOG2 saeraliseeaee e 2 Cie Heke eee 
4044 .618. 615 | 6b 2 Cc 3 e 
4045 .816, 817 | br 7 B 5 A G, .807 g 
AOS TAO 25 enew|e eieeee aera 2 COTTE Dsenes leas Sexe 
POP REET Go All acta tito ook 2 COa ene ales eee 
4062 .448. 447 | b 9 B II A 
AO0Zs250.nmalia rei: d if Beier. 
4063.596....| .599 | bx Oe iiee a t AD ah Gores 
4060 .983....| .983 | 6 7 Pe ea Bins 


WAVE-LENGTHS OF LINES IN THE IRON ARC 21 
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ee ee eee OER 


Xr GRATING INTERFEROMETER 
Tnterfer: Group Proba- Proba- REMARKS 
Grating Santer Plates of = Plates os 4 
4067.276....] .275 |] b 7 6 Cc 3 C 
4067.987....] .985 | 6 7 B 3 B 
ACC ren ne FOO Hcrm che s sexta lato 2 e 
4071.740....| .743 | br 6 G Be) A Gi733re 
AO TART Oras Leis ae xa lect eis oe B Od nisaths slhocone 4 
MOTOMa SAM ea Lea casa | Ore ere 2 Oe errr eases wat 
4076.638....| .638 | 6b 4 B 7 A G, 3057 4th order coincides 
AO TOROL 2: cieik'| sveyei a's el arenerers 2 (Gee gcarerd bocaae 
OFS Oy cpicial| ovate sqancra sont 2 C SEEN ects ches 
BOROSOHOse wall hs sa, 0's b 3 yaa sirscors | sxeeteen: 
OSG. 228.5 colon ces b I Co Mase | ae ce 
CASE Baal eyed PEAR 2 Ore (ha aad ba sieessocd 
AES: GE el cee macerenae 2 Go Pl creteiesct | cretere 
4084.501....| .500] @ 7 B I & 
BOBS LORS i nce] a 6 cxs b 4 Iie Brora pont. 
OSB OS LAs cate [Nat ers « b 7 Bei sins cuvette 
FOSORS 2 actA lickse wea laots ee 2 Oey il Berto erecta 
OOTISOS ses fists; areas fis wiercne%s 2 (Oe beeen cme 
AGU 2ReSO sect icee ot tia sesere s 2 (Oe Vl eoomenbaenos 
4095.980....} .975 | 6 7 c Io A 
BOO COLOR a: [iichie se] a iste 2 CT ie cas| oto ie 
4098.186....] .184 | 6 6 (€ 7 A 
ALOO275O.-22| 2744 |ecniss 2 Cc 6 A 
IOLMO TAs ccc cpeietns. d 2 OF noccateioeS 
4107.495....| .494 | 6 9 A 16 A 
DOO RO 72 sctetel oles erell ele aivers 2 Ce hind d cecc ; 
es bia. Sel COOn 0 8 B 13 A Diff. > error 
ATL OE OVA jora\'s see's d 2 Ord Roane a pracee 
4114.454....| .450 | 6 6 Cc II 
BLTAROSQ ers. [serie] sere © 2 (OG secre nercicten 
MELO SS 2.2501. <S50>|" 0 18 B 19 A 
Jiao elit yay WOE oe (eel 3 Cc al A 
AL2EOLOaa.|| «808 |. 0... 14 B F z 
R220 2A «| 5252) 0 3 B 7 
/ SPE ag IOP 5G TEAC (ROOT OIE 3 Bu Terns cel reperctye 
ATOR RO 2A Gee .s sini wis d Oe Pi isnei gua OCnane 
EAE OOO sel cun\| aieiiets  [fveretere 2 Ie Galstad ec ie 
4126.193....| .194 | 6 3 B I . 
AMZ BON Get. | eOLA: |intclacts - 20 B 12 
LED} SOPH PCE DO OD O0o 3 Bahl eaercier joeretaee 
A 

4132.061....| .063 | br 21 B 17 
4132.905....| .906 Uy 6 S 9 A 
ATS Bo 7 ha sis ral os siecle ie MO | iret) bexcus 0 65 
4134.684 .684 | 54 19 A 18 A 
ACO OST Aida stl ievcielerer 6 133 ioe oe anllad bee 
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» GRATING INTERFEROMETER 
Group Proba- Proba- REMARKS 
Grating pce Plates Bd ‘ Plates | _ble 
4137.006....| .003 | b 7 B 14 A © enh Mn 
ALZO,O35 ene i eciret a I GO oneal aerate 
ATLAS A2t.. al PAZON EO 17 A 10 A 
4143.872....| .874 | bx Tx B 14 A 
AAT <O70sre O75 0 26 A 14 A 
4149.374....| .374 | € Si A Ca hee 
ATSON2OO: ae se cite rie d 6 (ipa) Woche sl Ox ceniys 
ALCOR oneal Aen teeerstens 8 B 3 Cc 
4153.907....| .go9 | @ 16 A 4 B 
AL RARLEL sere lelevereiet ue |loats alee 2 Co Weeee ale apres 


AUSANSOSs | NeSO4) ne. 
ATSACST Orel OrS lane 
ALSOnSOS | eCO4 ane 
ALS 72702 s0e |e 7 OS) eed 15 
4159. 80L.-...| .coo | a 

b 


os 
BWBPrOrF WW Prp 


4170.907....| .9Q06 31 I 

AD TROOS see aes d EAC e [eens ee eaves 
ALT2T2S avaa|eceeattace st Fit AAs WMisteonncal|odstarers 
Taig PING ios o.ollbeaag ac a 7 Ub eBay lire eRe 
AT 7 3153 2A ererete|(scerstal te b Goal eB Pleecnbaerct ss 
7b GE Rshe acl mactaon a 6 Biao sao s|eeutes 
AL TAROLO se te \erie ats a 18 7 Oalb [epeeeesceeal besa 
4175.642....] .642] 0b 43 A 13 A 
ALTOS 7 Aca S 72a’ Io B 7 B © Fe-Mn 
4177.599....| .509 | @ 17 B 8 A 
ATSI.700:4./|) 1 700))|) 10 24 A 21 A 
ATS253 00s |(s ae b 4 A Ws eernetallnteeanas 
4184.897....] .896 | 6b 35 A 17 A 
41879047....| .045 | @ 12 A II A 
4187.804....| .805 | d 12 A II A 
ALOL=AZO. 4-430 ln 1e 12 A II A 
ALOTROS 7 setters e? 4 Ga Pahecrale eras 
ATOSHSA0s gel ASSO 10 A 4 B 
ALOS SOUT eeelere Sin dol festa Ne I Oe race ios aera 
ATOOM2 20seet| eens d 6 Co Hi eer itentenet 
ALQSssi2ee teste umd 3 © II A 
LOSE OAT oat nen eee d 5 CU Tle ana velnorroen 
4199.099....| .10r | Ob 31 A 18 A 
AZOONO 32 ewan elem é 4 OU aoa SBN tat hi 
AZO2003 35008 MOAN MOL 37 A 18 A 
4203.988....| .g90 | 53 24 A 12 A 
AZOS AG AS weyers |e cre olere lee ek 2 Crd assole: 
A200 47 OA 103) feu @ 6 B 5 A 
AZOT ESS coe TG onan 7 Cc 5 B 
AZOSSOT oi emet| Cranes b 7 By sil eistonllaeetsen 
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» GRATING INTERFEROMETER 
frtactex: Group roba- Proba- REMARKS 

Grating Binstae Plates seas : Plates me 
4210.355 2352 lcs 43 A Q A Diff.> error 
4213.652 BOS aaa, 8 B 8 
PRUE RAS 2 oerescil ctsiciess b 4 (Ohl eon oallavsase 
4216.188 188 | 63 20 A 20 A 
4217.554 552 | @ i ie 4 |) 8B 
4219 .367 367 | b 36 A 18 A 
4220.348 35011 20 7 B I Cc 
4222.222 eer eLa 9 B Be) A 
4224.179 177 e 23 B 7 B 
4225 .463 4621 d Io B I Cc 
Ree OR Senta isacaieks « b 7 Bad eee Scans 
BBSO LADS... Ne caw b 7 Ba gl entree yee ae 
A227 ASF... 436 | d5 Io A 11 A 
PROG TOna kei ciciererc] sense es I Oa Ba cee lice 
AWS 7 Ga eal Borel Sioeyionye I (SS eect te art rore 
AOS ae TAD. wails wank ad? 2 Chal cee | eee © Mn-Fe 
4233 .611. 610} d5 Io B II A 
AOse..  s. BOAR AN HGS oats: steer 12 A 
AB SVE LOAL oe is on ean slo ave saa 2 CP cere ere tee 
423850200... cl srecaie's d? 6 By | pangeadhieesctes 
4238.818... 819 | d Io B 4 B 
4239.849... 849 | @ I Cc I C 
ADAG. STA: cn ra\ ois 2/2 20 |[sic eps 32 3 Co cast leer 
DRO 7S asic ante 2'a| ft ohare 2 CA Nec steeolcoaee ore 
4245.204... 201 b Io Cc 2 B 
APAOP OOD serene cre eseie b 4 COR) See | Sete 
4247.436... 434] d@ Io A if A 
B2AS 230.001. |e > 142 b 7 BS a illees terete ick eset 
4250.128.. T2OR ECS 12 C 7 A 
4250.702.. 792) Ob 42 A 16 A 
4254.337- 340 | d 5 A 3 B | Cr 
ADCS e220 ojos nach Wa 5 B SF eel Meteaezore 
(Ne) OO ere len pia B6| [> aoe I Oo cacedlleon aoe 
AZEBEOS Sse ric) cie «2 e I Or Raainges oon ous 
4260. 482. 482 C2 8 B 15 A 
Mo OAR OTT. -\|\veesieie d I C Peinite eaters 
ALIS OIE, 3 Ol Ie Oc (Bic oie I Ce A cee [torrets 
4266.970 971 | b 7 B 3 B 
4267 .831 Soma 6 A 3 B 
OSE RAO Dien tre re rll elateas ate I Cc 
ATE 1O302-|| 150 | @ 7 c 5 C 
4271.766....| .766 | 61 33 B II A 
Gils sanaly aeeeMlehabuslonaoodlecaae 5 2 B Cr 
LG OM Sto Seer lens OO ? I CAS te Meret 
Ae OP 230. css || soctere ? I (OP ot dom Roca 
ee | See. | re | 2 | eee See 
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Se ee ee 


» GRATING INTERFEROMETER 
: Interfer. ee, bins ae ee 
Grating pare Plates ad Plates | _ble 
B27 On SOOser Alero ? I Oey Atrial ainies OP 
4282.408 .408 | br 30 A 20 A 
4285.448 .449 | 6 6 NE 4 | B 
POSNER. dal ool wo bee 5 (Ona betel loaen Or 
AQQORS SA sider |iocsersiels |lattansterete 3 OA Gracia Hobe. 
B2OO.8 7 2sae alan eine careers 2 COMIN ror cde hint taree 
A20 Ted OS scrn |e a3 Ui Bl ciaeree | eedcunete 
4204.130....| .130} 62 8 (& 19 A 
A2OS OLA ge sOA 2s erasers 6 A 4 B 
4209.243;...| .242 ds 8 B II A 
4302. TOS aweeve!| anctanePers |etewetier ste I (e 
AS OAC Aes icles SS] ef cetera 2 Con lyaars eee 
4305.454... 459 b 2 3 (e Fe, Cr? 
4307 .908... 908 br 48 A 7 A 
AZO O03 Sone tela ale ? I ( Ogg brerdmer Pal oS tars 
4315.090 ogo | 53 45 A 19 A 
AS 2ULSOR aera lieve paral etieees 3 Ci arac amas 
4325.7060.. .767 bt 52 8 A 
4327 RLOs ae LOE 6 6 B I Cc 
AZZ 7RO5 200 052 b3 47 A I9 A 
3's Six 2O Dyan erate tater I Ge | ee ee rare, 
ASAGM25 Ont ener oe d 4 1 ooh rete eed lesa hor 
ASAZ TOL Melina ere lore 5 Beaty ec aecctenen 
4346. 560. BOON |mrarers 5 B I B 
ASASSOAT aun nears ? I ee eee ye Geena te 
4351.551 Gist b 6 C 6 A 
4352-739 AO MOS 20 A 20 A 
4358.508 506 b 6 B 4 B 
4367. 582 584 b sey) A & B 
AZ O71OQOSs ae | eee a 6 Be tise ieee leew 
AZOO mT TOseere ease b3 30 A 20 A 
A373 1503 ccleel iS Ovmseer ent 5 B I (e 
4375-934....| .934 | @3 40 A 26 A 
4383 .550... Xe) || WN Nes wor A 8 A 
4387.88. goo} b 6 B 2 Cc 
4388 .414... 415 | a? Io B 2 Cc 
4389.247... 246 | @ 7 B rE G 
4390.955....| .957 | 6 Os 5 A 
MAOT 20 Saas era ies d 6 Asai (his cee nee eget 
4404. 755. -755 | bx ASN has Pe AN lees 
4407.715 -716 | 64 24 7 A 
4408 .420 .420 | c4 30 18 A 
AAGQ MTOR At, | evant ? tf (OP ein BO Ue sr a 
4415 .128 Prosi Or 53 A 18 A 
4422.573 -573 | 53 40 | A 32 A 
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TABLE I—Continued 
eee 


» GRATING INTERFEROMETER 


ROUP Proba- Proba- REMARKS 
Interfer- Plates ble Plates ble 
Error Error 


Grating ometer 


MAGI ASTA. cas) .8T4"|| G3 30 A 38 A 


4430-621...) .620 | “C4 35 A 34 A 

RA IRIZAict sil Sir a mcin' [ote sre y bey EN Greeree eal leaperae ec 

PVCS Ce eae e€ 12 1M acts an kscae 

BASRA FOS ex «cfs eee d 6 Ore P enatrasalhcrdcke 5 

RABIES Bees | arsine’ a II YW aes Seal ode e 

AARON O SS se [isle nite e| careten 7 Uo oa allernone 

4442.345....| -345 | ¢4 II A Sat eek 

PAAR Ca hetexe ave costar |'s/areie ai 9 1 aon acres eccs el rare 

4443-.197....| .200 | 63 31 A Bo A Diff. > error 

BEAO BARS calle <o-c-si6 d fe) Boca saeee nets 

PAAET Se =| sci ferh esis esas 4 Ave ba |istoredesinetarine 

4447 .723 724| C4 32 A 37 A 

BPA SOA O Sach ore tom ele erenela 6 OT eS cca Racer oe 

4454.386 .386 | 53 12 B 28 A 

AACAPOCB cc eave ore « d 2 (sea "Vor eeavees | hcchonee 

AGE ROS Rest. 3S S/o © 2 CH Srcr somes: Probably Mn 

PAROS 8 Horace sls, sets sails ae sro 3 Cr | Reearalisnae er 

4459-123... 25, lescd 27, A 39 A 

4461 .656... 656 | a3 22 A 34 A 

AGERE OO 2.5 | 5 ox .220- d I CP a erect leer tees 

4466.556... gp |) diye 22 A 37 A 

4469.386... 384 | d B 18 A 

AAMT TD Anne) s\\'o easel e-s ? 3 (OIE bre eal ie ea as 

4476.026... 023 | b4 16 Cc 20 A Double in vacuum. Cf. 
Astrophysical Journal, 

PAT OMOLE oc)5te eye teen |e alan oe 4 DC fs eae es een 44, 331, 1916. 

BASOATAD rac eve\e. ci |ieln «5 «2 5 1 oie Wecera eer Selec 

ERS TIOD Atetossl| sree ers se [ieee macs 3 Cel eat rs ead old ot 

Couns ne TA dds | |aderens tow ere eos: 14 A\ | G, too close; I, meas. at 

ROMs ory 2OOWl GN prac reali pact ouens 14 As orders 22250, 32890 

4484.231. 229 d 4 B 13 

4485 .681. 682 | e? 5 A 4 B 1 3s) 

ASE EAD A Nec | cisely» «|'oerie «> 3 SSOP Aloe Seal bos eer 

ASO O IOs cars | oo aelovel| Seales 2 CRP crea ec: 

4489 .745 744 | 43 13 23 

4490.087 OST E | Waretereren 2 B 2 ce © Mn-Fe; I, fringes poor 

BAGO 77 Ostet \aeie ssc) sole wie 5 Bae perce sttetaes 

4494.572. 570 | ¢4 40 A 38 

BAGS GOO: . 02a ss\= d I Oy A Ae Rena emer cae 

AAGSEOOOre | ceil |/2/.0%6 « 3 Ba S| ee atectelle evorarete 

ASOAUCAL 6. o.cl5 + sre 2+ d I (Oa essa Saleae act 

ne ee ll arto len ace 8 A 2 B 

Aisi) cls eet eal | Bitey on aR Mere II A 4 B 

PEO AOO. ¢ olalloe ieale|leors ce 3 AMPe I Rete eet racnta are 

Asoo CAS... | .140 |) ar 5 A 22 A 

Gre fe |) Bees Ole eee 
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TABLE I—Continued 


aN GRATING INTERFEROMETER 
: Interfer- Se eae eer 
Grating ometer Plates | ble 4 mee 

A ROOMS OOveyaral eystt ere | sees creeds I CU cere orton 
4528.622.,..] .620 29 A A 
ASQUSESS eas 5 28 A A 
ASE 03 Ostrerel| aeteretsrs 2 Ay Nepalese suistere 
ASS OS Oue nal nye | asrereyate r CA a erases Weemandee 
AGA RO? Sema] &atotets,| eceretere 3 Bey blueball oeeares 
ASAT ROSos OSS 29 A A 
ASAQUAT 3 dele tals tease 5 Bla lede sta eceethe 
Mig sosy tkenovielion ota B Bi | eeaces fons fiepepe avons 
4552.548....] -547 7 B C 
AREOMUZOsar metas 24 A © Fe-Cr 
ASS OROA2 enteral ais ceisler tee I Cie cree eens. 
AGS OE LT Le a ccilieetcenetel| orererorete I OP Preirtred ae nied: 
ASOOKOOO enya ontete ets I Cia esa ol erator 
ASOO 4523 saara| cetera systehoies 3 Bestke | sonar 
B57A 72 Ssecralni720 7 B B 
A5otr 5200 | e510 3 (& B 
AS S36 O3 Ss eels crete oie larerelela te 3 Biel sa eee | tetetaate 
ACS TEMS Seares | cueteteisvel| ecieteses 4 Bes ithaca or 
4592.658....| .658 ie A 
4595.367....] -365 5 B C 
A0QONOOGs shia] seer eee 5 Bees otrcne liseboreteds 
ASQSaLa sec sete ae 3 dee Far Aten (amauta 
A000 O04 Opus | venience 2 Oe ee Pe ge a leat c 
4002.009....| .007 5 A A 
4602.947....| .947 17 A A 
4607.659....| .657 5 A A 
4611.289....| .288 5 A A 
AOLS 212s aor le Zed. 3 B B 
AOLARZT Os elie cetera eranronr: I Cina ho calle 
7 SiKg {sian alloc” 4 Bib oe alot 4 Sal ete ates | earns 
4OLOs20 78 oe e207) |e 5 A A 
4625.057....| .055 5 B A 
AOZO. 027 overs re eO 5 A A 
4032.917....| .918 5 A A 
AOZ 5. O4 One| meee leer 3 Bi De aeciecs were 
4027 570.95 ts 3 B A 
4038.018....| .o19 18 A A 
4643 .471....| .471 5 B A 
4047.439....| .440 17 A A 
4054.504....| .504 3 B A 
4654.632....] .629 3 ce B 
AOOGUCAT sil heroes | eestor I CALS abe Ri onenee 
AOOTLOZSsceys | seeee eal acne 3 Ava 
AGO) so Oster oat sires I Povae iat rece sue ts 
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TABLE I—Continued 
—G6GVuaV0aawuqantRep>#»y”*17)x*8—*—“$€$000TeoaooO®=$=$®$qo 
aN GRATING INTERFEROMETER 


Group Proba- Prabae REMARKS 


Interfer- Plates | ble | Plates | _ ble 
Error Error 


Grating ometer 


4667.462....) .461 b 


5 B 14 A 
AGOS,TA4.c.2| .145 |) @ 5 Io A I,h 
AQGGR Iie. | ea G7) [oocues 5 A 2 Cc oh 
MOGSHO TO alec E ZL) leas ce 5 A 4 B 
BOPOCOROs: | SOSA Nace ee 18 A 26 A 
BUROMROObs cis tet g icc 1s aes 516 2 Ore ul otc Pro Ait 
BOSSSEVACs hace sa clencoule 2 ka Pars tear pobre 
BOSS WS General sroyclere ccc ieee 3 Oils oc Bord ecena 
ARS Vt ieae al Raeeaa EBs acte 2 BNA aratirndl licereett 
Jaxon Rad Aaleneed boees 2 CO Ee | aie 
BOQOEFAQ=2 «| e222 [scones 3 ON hiker stu bexaeeee 
AOQTsAT Ice) ATT bocce. 18 A 22 A 
AVOO METALS ib. w:s015.5 d I Ce reat nlc 
TOT OS Sooo. os ask aioe ate 6 Cabs | rewenvel tere 
B7O4TO02s.65 11) O00! | are.c.en'- 7 B I C Iho }e 
BTOR-AD Toso |xic ec « ? 4 (Cae ti socal cies 
AVOTS253....<| -253 | @ 6 B 16 A 
TOWRA: 62 a sides «uc ale oes 7 Ba serene 
AFOO.O0Se5 = [ine «oss d 5 OFF otetiael potent 
4710.288....| .288 | 8 22 A 16 C 
Arete OOO ee | tS sisiace| cere ie 5 CI aon paar 
ADE RAOS.. caine iets, « d 6 Be rsptee | oeraee 
AlgiZkah, | eps | Pact ld Boerne Pic nacen! Wee 6 B 
Oe OROS Gann flan: é I Coa Seana | ees 
ER ECA QA ete ile ire eee tee iecs 6 Ces) | seetaye | Mercier 
4733-598. 598 | @ 9 A 12 A 
4734-103 eens lacie or 3 ‘ Ete reel ees ieee: 
MOT EREOAQs So. Wes seen eli. eens 0) |) -Butleteacs Sieeee: 
4730.782. 782 | d 7 B 20 A 
rami O2 Onaeee Parercie s.4].c.51«) aloro 4 CoB hie ee es 
giao: 346 a al eee tee eee : a Boe Cia Oa 
AT ATRORA se abs ones [are ops, 6. BAC ota aero ar iciaents 
4741.534....| .535 | 5 g }A Sea 
4745 .807... 809 b 4 B 6 A 
AGES te te OORT Oe 7 1 eentrol Paomerce 
AG EOS Ae enon ones 2 (Ort Word cmral Reece 
4772.818. ESrOn eG 7 a 4 B 
AGG OGL y rgere| CTE IE Seam ee Chan |e seat 
4786 .813. .812 | b 28 A 12 A 
Jipbohe Geka eal lege Goa) IBUCnOe 6 Bala teres: ctr 
4780.656....| .655 | 5 22 A T5 A 
ASOOnOS Some cNeia eval. =\|(o'els.eei« I OP lca nieallacaaaes 
ASOD SOOl sy se laeiresiall cs <i 2 Ca ear’ Sell Parka. 8 
GIONS GEG [oes 6) lok OG OOO I (Cra eu Saal aaboae 
UBER COPY icra lores aol OID I Co peak teen etes es 
OG SS Rk EE EA eee el ane i Regen ee epee ese a 
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TABLE I—Continued 


N GRATING INTERFEROMETER 
Proba- REMARKS 
Grating Plates fated 
ITor 


ASAQUS S Zar ulsascomieel |ieresansels 
ASA SLE Sere tciell laisse reel tal aiele tole 
BASES ROOOsit eal ptarttele| aceite 
4859.750....| .« 

ASOS 7 OSOve ered itera neciorets 


HAY NN 


BST Ts32 Tov: 

A872 TAG... 

4878.220.... 

ASSLT 2 sayin | caret | Stare 
ASG 2 LH A serail cle alee 


> PrP 


Hv PO 


ASSSEAS Stone |< sisted | lcnterstere 
ASSOnssoura ula a xcs 
4890.764.... 
4891.503.... 
AQOZ SLO. 


wie est eheceseavs 


PvHwww 
PPP 


I, fringes poor 


AQOOES00csl| eee ti 
AQLOLO3Oscees | verter 
AQ LOWSS Leceya| teeta: 
AOCLOMS Sater sens 
4918.998.... 


Wn NWN 


4920.510.... 
4924.776.... 
4938.820.... 
AQS OW 2A Tan cha ee ee 
4939.690.... 


BH > PS 


Q + 


4946.396.... 

AOS One bee teilpeeeney 
4957-395 
4957.003.... 
4966.097.... 


WNWOH AD 
pt 


4967 .902 
4969 .930 
4973-111 
4978 . 609 
4982.510 


4983. 261 
4983 .858 
4985 .264 
4985 .556 
4988 .966 


WRWWW WNNHNN 


4991. 280 
4994.135.... 
KOOLGO 72 eu che 
5002 .802 


OOS 7/2 2eer 


wn 
NIW CON 
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TABLE I—Continued 


—————— ee 


aN GRATING INTERFEROMETER 
Group Proba- Proba- REMARKS 

Grating _[aterfer- Plates | jble | Plates bie 
5006.129....] .128 | ad 4 A 8 A 
HOO e DOL ee al cae e et d 4 A | Seer emer 
5012.074... O74) isa 6 A 23 A 
5014.952....| .953 | @ ar B 3 B 
ROESCAA Oy e1.c [ren tereis ll ake atere. 6 Bp area tere | eet ee 
O82. 247.0: 245 d 6 G I C 
ROS METS Oss wlellic. vice 6 d 4 B55 04 | coaneielats|| presence 
GeO ale Ver scte vzreie feel cote sa 7 (Can Aero eau 
5041 .076.. 077 a 24 A 6 B 
5041.761.. 760 a 31 A age) A 
5049.827. Ree pd ie 30 A 14 A 
5051.640. 640] @ oe: A I2 A 
ROUSE O22 wcis|ios a on € I OFM ete occa) hors ext 
5068.776... 775 | €@ 4 B 5 B 
BOP T SOs cee lic Sccee 5 4 4 Bee | crepiveccatl eee arent 
BORON S20 cic | cars a0 b 19 Pires | a eaeete deere 
ROWOC TAA es [os sc sie a 23 te aoe olen tan 
5083 .344... 343 a 17 B 4 A 
BOQ 7eO00s. cha. + ses e if OF Nt ese Boy 
5098.705... 705 b 42 A 3 B 
REO CASA fs | 0. ot a 22 A | ese ees | Scere 
BLOVSOL7 oc) asin ss © a 22 Va ean ocean bra neta ii 
5110.415. 4160 | a 18 A 7 A 
123.727. Geo a 20 B 5 B 
5125.132 fey |) ye! 4 Cc I Cc 
PU Aol Oy ae 365 | «@ Dis B 4 B 
Ibe 820 fy Re) ee a 2 Org Per rar cual Reesturcee 
5133.696. 692 | e 4 G 6 B Pole-effect extreme; I, 
Baie ZOO-c1co | ein eie d 3 (Oia dBAs. cea romance fringes poor 
eS e025 creel ioys els d 5 OX lee otal bracaer 
IR ORAT Osc oh [ine erie d 5 Oe alleen eer eras 
EASA sre ets pea oe eee 3 Co es eee oe 
BLA22 035.5 933 a 21 A I (S 
5150.84... 844 a 30 A 5 B 
GESELOLS. << 916 | a 18 B 4 B 
5162.2090. .2900| a 5 c 2 B Pole-effect extreme; I, 
Bar OReAD Ase ill sacs seers d I Cosine li aaeeeeere fringes poor 
5166. 289. . 288 7 B 2 B 
5167.492. 492 | @ 25 A 26 A 
5168.904. .go2 | a 4 ic I Cc 
5171 .601. .600 | @ 31 A 18 A 
5191. 461. P03) ad. 5 A 12 A 
5192.351. seis d 5 B 12 A 
5194.946. .946 | d 6 A II A 
ROSA Ose eve |ia ese = e 7 Ge | Saori | aecae 


Seen ee SS SS ee 
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TABLE I—Continued 


aN GRATING INTERFEROMETER 
: Interfer- mati kes ifort pens 
Grating pacers Plates Nong : Plates ale % 

LOST Seer 7.LO mw a 4 B 4 B 
5202.340....] .341 a 38 A iy A 
B20dn5O2- 16) 4 500) 1) @ 2 6 I ‘G Bey Grip 
5208.601....} .605 | d 4 B 3 Cc 
Goniaitsy aad [ood soe d 4 BEA bao eich Peal ty ete 
H2007280.) 5 5]// 250) | 0a 35 A 3 B 
Seco NOe-clo 6 rode d 4 Cs ea onehatete 
Seplomsvlena nallina tao e d 4 IB yl eae yellieiiay Soa, 
R227 ALO 2s} OAT aA 36 A 8 A 
220805 Oar ln iets d 4 Cra eheeeal leita 
5232.946....] .949 | d5 4 B 21 A 
5242407... -] -400! | a 17 B 3 B 
Belson OlP hea dll) COR dibs cn ons I5 A 3 B 
2035300. 003|) 53 2Ou| md, 4 A I C 
SACO pao allo os oc d 3 yeah eerotcrstal acne 
5206.562....| .564 | d5 13 C 19 A 
5269.540....] .541 al 54 A 14 A 
5270.300....} | .302 a4 4 B 19 A 
27.8 BOTs ul en b I Cina ecrtence| a eer 
5281.800....] .800 | d 4 B 7 A 
29302702020) Ne 4 B 9 A 
EROS AW Ios SOO | Colm | nee reets | eee 5 A 
IG BO 7a nse | 23 Ose a naa on eee ee | eee 3 B 
5324 LOO eal aOom mas 4 e 22 A 
B20. OAA mie O440)) Or 4 A 15 A 
Ree avin call abe de a 4 B II A I, fringes poor 
SCCM AB| sc nese a 1 GAB RN I | (Po A 
15332). 000.sa1] O04 nin a4: I5 Cc 3 B 
5339-938...-] -939 | d5 3 B 6 A 
Seve Phe sal cCRH/ a4 4 B 17 A 
eX eke ons alloc aac e 3 Bilt) aeons 
SS OSE A OSS leentan a 3 Boel seotctenslieoategeeee 
5367.475...-| -475 | @ 3 C 7 B 
5309.9706....| .967 | e 3 B 8 B Diff. > error 
5371.495....] -404 | ar 20 A 18 A 
FeO in oars eo se a I CP a Se Ea A 
eleeineienacal| ozo) e 2 Cc 15 B 
SOS TOatel| Mee OMG s a B 8 A 
SE KOY fn EXOD o.c|) ste) || ee 4 B 31 A 
EYKLOR ANCA sr lp agston|| CG 3 (ce I C 
5404.149....] .144 e€ 3 B 15 B Diff. > error 
540517. SOs |e ZOO [aA 20 A 30 A 
SALOVOLS 145] .OLO) |e 3 B 13 B 
5415.208....] .204 ] e 3 B 15 B 
BA2AROFM eral enO72 e 8 B 16 B 
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TABLE I—Continued 


aN GRATING INTERFEROMETER 
ratess ROUP Proba- Proba- REMARKS 
. nterter- 

Grating ae ae Plates A ites Plates we : 
BAQON7O2s..«| FOL a4 Bie) A 20 A 
GAsAe S201.) .520 | (Od. 20 A 32 A 
5445.048....| .046 e 3 ( 3 B 
5446.920....| .921 a4 44 A 21 A 
B455.0L6....] .675 | a4 4 Cc 22 A 
AOARO Oe ele. e 3 Ce eee esl Cea 
BROS Boao a lec sets é 3 Ca eee al a 
RADOWAOO.. «of... 2s « d I Salil teen Saal lcs 
5473-912....]| .gog | d 3 Cc I Cc 
BATON SOO. c0..| oes 41s a4 2 Pri ern caealn gems 
5476.573....| .574 | 45 3 A 5 B 
BAOT-Se2ecc- | a52te| a3 48 A 20 A 
BEOr.470....| .470 | @3 48 A 17 A 
SeOOL Odea. st 6 7S3c1 23 48 A 25 A 
BRS yA LOsccicil's <4 a4 24 ASP ll eroesnntoen| SER telat 
EAS OSOs naa\llers arn d I Cee iterate ame 
5554-894....] .893 | e 3 € I Cc 
Ris Tole Nola | eaters d 3 OF a eee dae ace 
BROE FOS.) 720 | 6 4 B I c 
RROOSU2 Tea 027) | ds 3 Cc 20 A 
Se wO4O.b er O51 ds 3 G 20 A 
5570.095....] .098 | ds5 3 E 12 A 
BROOM TOS aa) -7050|| a5 3 ‘S 26 A 
BRGGsSOse | 302 € 3 (S I C 
5602.955....| -955 ds 3 Se 9 A 
ROR eOSSe012 0531) 25 3 CG 24 A 
5624.548....| .551 ds 3 G 17 A 
5638.269....| .269 | d5 I Cc 2 C 
5658.826....| .826 | d5 3 (e 8 A 
SCE Pasir et et (Or eR (eer Ieee 5 B 
SOteen ici || 553 Ff Ea hee, cine Renee 2 c 
Rain fen aie|| e-7 Pomel] Sraceietell aywers 2 © 
hoa a eps] 12043 Pil pecmevace | dete pare ii © 
Sse. “aodall cele ik NE Oiccaral eect 4 B 
aps. a cedae|| Bele Coy en au lemons Ieee 2 (€ 

C 
ROS OME Rees 7021 Ole letra nid tet 2 
5975-354-..-| .356 | 54 35 A 3 ; 
6027.059....| .058 | 04 35 A ae) 
COAP we Me ..|;|| :002 Ce apes Si ckecee 4 B 
6065.492....| -401 b4 35 A 13 A 
O127-012...,.| «915 | 0 31 A 4 B 
Oxz07625..,.) .023 b4 40 A 22 A 
(ORK SS a010}0 he aes [Ree : 26 is eas 
6 E77 OMe ere nO 4 20 / 
ee i. ee b4 31 10 A Diff. > error 
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TABLE I—Continued 


nN GRATING INTERFEROMETER 
P Interfer- Grew Proba- Proba- a Ay ; 
Grating Tan etRe Plates Beas ; Plates ee i 

6165.366....} .366 b 36 A 3 B 

6173.342....| .344 | 54 38 A 10. A 

6191.568....] .568 | 04 40 A 22 A 

6200.322....| .324 | 64 30 A 8 A 

6213.438....] .440 64 40 A 18 A 

(Op as Ol A aalal tonadiye | Tle RADA RB cheer e 3 B 

6219.280....| .201 b4 51 A 20 A 

6230.734....| .734 | 04 40 A 20 A 

O2Z0n yee ya 050 Faia [et ab 1 21h 2 Cc 

6252.568....} .566 | 64 40 A 25 A 

62542208..0me 207 b4 40 A 20 A 

OPA Parse NG ML Gey SNM By Cae Perce Alloa A date 17 A 

O205 6545.0 t45 b4 40 A 20 A 

C2, seaall eet OP ER AN at 4 B 

O28 Ou Mower nSO27 Nt) deg O(n Westar ae 9 A 

ORLOV RIE HERI WRC WAL pH ale Nitin bce ol ltoweh 6 3 c 

6297.801....| .807 | b4 40 B 16 B Diff. > error 
OBES Che ele TOM NO 36 B I C Diff.> error 
6318.028....] .029 | 64 40 A 22 A 

6322.694....| .698 | 0b 40 B II B Diff. > error 
6335.-G41...-| 6344) 04 40 A 22 A Diff. > error 
6344.159....| .162 b 8 B 4 B 

Ogg 5nOsOs ea C42 Ni ane. 16 B 9 A 

O35Sue eee 7OE Rien ahapa ste egeve ae 7 B 

ion Mica aalovison | HUls \aodcodlla vo oe 3 (& 

6303OL2sNer| Ona ved 40 A 2 A 

6427 7303 .ha | 308 b 30 A 21 A 

6430.859....] .859 | 04 40 A 20 A 

CAO 2 seen ao 1AM Wes AY Fie Fi B 

CAOO MERE er ee ZO ah | schessueettena|| Sih actectc ta I .G: 

O47 Sa OAT Deine ere. acer 3 B 

6494.993-.--| .994 | 64 4o | A 23 A 

OLFCae, Mapeceeanl Meese tee ts NLD MTENS Fo icval ben mactre 3 B 

LoVep Wore naire bese can) | Na WPT A ene ot al ba i 22 A 

Ob OO nate 230 pane | See ACS es 2 © 

OS 75m. sees l| sO ZOut 0/0 weal eerste lee eee 2 CG 

OESe ine) GMa rend Peeves Pine eligibles cael 20 A & 

(fereyoys | Huvtal | aeells De Ral en N eaeneres 8 B 

LOE ie ee Mer Hy fe |e ce ailhete ical la at II A 

OO7S Deel] sROO3 51 i OA enn eweva aan ea ae A 

O7 SOs y das eiaelaLOOn er ailaseyerell eee 4 B 
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VI. DISCUSSION 
a) Agreement with standards—Kighty-three secondary stand- 
ards were measured with the interferometer, of which 64 belong 
to groups of stable lines and 19 to groups cs and d. For the 
64 stable lines the differences, secondary standards minus Mount 
Wilson, are as follows: 


0.000A for 24 lines; +0.001A for 29; +0.002A for 8; +0.003A for 2; 
+0.004 A for \ 4076. 


The sum of the positive differences is +0.030 A, of the negative 
differences A —o.025. For the 19 standards of groups cs and d 
the mean difference, secondary standards minus Mount Wilson, 
is +0.007 A, a difference due to pole-effect in the sources used in 
the original determinations of the secondary standards. It is 
unfortunate that such differences are involved in the adopted 
secondaries. It will lead to a series of iron standards and a series 
of iron wave-lengths differing from each other, unless revised values 
based on a source measurably free from pole-effect are soon substi- 
tuted for those adopted. 

b) Questioned standards——Questions have been raised by 
different observers about the lines in the subjoined list. The 
difficulties encountered are in the majority of cases due to the 
characteristics of the 6-mm, 6-amp. arc which does not produce 
these lines fine and sharp enough for satisfactory measurement with 
the interferometer. With the exception of \ 3556 and A 4076 for 
which the adverse criticism is general and apparently justified by 
the character of the lines or of their immediate surroundings, 
these lines are measurable with high precision in the 12-mm, 
5-amp. arc, as they then permit the use of a satisfactory order of 
interference. 

c) Ghosts and reversals.—The long exposures used in the grating 
series to obtain the weak lines brought out ghosts of the very 
strong lines. These were measured and the wave-lengths of the 
lines calculated from the positions of the ghosts, and when possible 
settings were made upon the primary line, “direct measure.”” The 
gratings were made on the Rowland ruling engine, whose spacing 
wheel has 750 teeth. All reversals were measured and for some 
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lines the wave-lengths were found in all three ways. The wave- 
lengths from these separate determinations have been compared 
with the Mount Wilson interferometer wave-lengths, obtained from 


Remarks Authority 

NYS BLS cesesateb: Not sharp in 6-mm, 6-amp. arc Bureau of Standards 
Good in 12-mm, 5-amp. arc Mount Wilson 
Discrepancy of 0.006 A Viefhaus* 

S355 One: Little wgt., poor in 6-mm, 6-amp. arc Bureau of Standards 
Low wegt., p.e. large, shaded to red Mount Wilson 
Meas. difficult, weak line to violet Viefhaus 
Companion to red and violet Goost 

d 3677 Poor in 6-mm, 6-amp. arc Bureau of Standards 
Good in 12-mm, 5-amp. arc Mount Wilson 

A 3850 Not sharp in 6-mm, 6-amp. arc Bureau of Standards 
Good in 12-mm, 5-amp. arc Mount Wilson 

IN BIO oss ae Very poor in 6-mm, 6-amp. arc Bureau of Standards 
Broad in 6-mm, 6-amp. arc Goos 
Good in 12-mm, 5-amp. arc Mount Wilson 

d 3906 Very poor in 6-mm, 6-amp. arc Bureau of Standards 
Very discordant in grating measures 
Good in 12-mm, 5-amp. arc Mount Wilson 

NAOT OnmaRe Very poor in 6-mm, 6-amp. arc Bureau of Standards 
Poor, \ 3057 4th order coincides in 3d Mount Wilson 
Difficult, shaded to violet and red Viefhaus 

ATO EERE Very poor in 6-mm, 6-amp. arc Bureau of Standards 
d line good in 12-mm, 5-amp. arc Mount Wilson 

A 4233 Very poor in 6-mm, 6-amp. arc Bureau of Standards 
d line good in 12-mm, 5-amp. arc Mount Wilson 

INARA I Ss 5 oe No wet. in 6-mm, 6-amp. arc Bureau of Standards 
d line good in 12-mm, 5-amp. arc Mount Wilson 

IMIHCG Es eae Poor in 6-mm, 6-amp. arc Bureau of Standards 
Good in 12-mm, 5-amp. arc Mount Wilson 

M5200 sane o.003A > international value, 6-mm, 6-amp. arc} Bureau of Standards 
d line good in 12-mm, 5-amp. arc Mount Wilson 

\ 5371......| Not sharp in 6-mm, 6-amp. arc Bureau of Standards 
Good in 12-mm, 5-amp. arc Mount Wilson 

NOG7Sreere: No wgt. in 6-mm, 6-amp. arc Bureau of Standards 


ee See Ra ee Es ne we Se Sa ee ee 


* Zeitschrift fur wissenschaftliche Photographie, 13, 209, 245, IQT4. 


Good in 12-mm, s5-amp. arc 


} Astronomische Nachrichten, 199, 33, 1914. 


74 


Mount Wilson 


WAVE-LENGTHS OF LINES IN THE IRON ARC 35 


re) 


weaker exposures upon the center of a somewhat leaner arc giving 
very fine lines. The results of the comparisons for some threescore 
lines are: mean difference, ghosts minus interferometer, —0.0004 A, 
reversals minus interferometer, —o.oo02 A, “direct measures”’ 
minus interferometer, +9Q.0020 A. 

From the close agreement of the wave-lengths given by reversals 
and ghosts with those from the interferometer it is evident that the 
reversals and ghosts correspond to the lines when produced in 
the core of a lean arc and hence that the absorbing centers in the 
cooler outer vapor producing the reversals have the same period 
as the emitting centers in the core of the arc, and that the maximum 
of the line, to which the ghosts correspond, is not displaced by 
the strong exposure. The excess of 0.002 A given by the direct 
measures indicates a slight unsymmetrical widening for such over- 
exposed lines, in general toward the red. This characteristic 
renders them of doubtful utility as standards when unreversed, 
unless produced in a lean arc. As under special circumstances 
strong lines only may be available for reference, the reliability 
of the wave-lengths given by ghosts or reversals may prove useful. 


VII. COMPARISONS WITH BUREAU OF STANDARDS 


a) Stable lines as a whole-—Approximately 250 stable lines are 
common to the interferometer measures’ of the Bureau of Standards 
and the Mount Wilson lists.. For the Mount Wilson interferometer 
measures minus the Bureau of Standards, the sum of the positive 
differences is +-o.187 A, the sum of the negative differences 
—o.162 A, the mean difference 0.0014 A, the systematic differ- 
ence +o0.o00o1 A. For the Mount Wilson grating measures minus 
the Bureau of Standards, the sum of the positive differences is 
+0.202-A, the sum of -the-negative - differences —o.184 A, the 
mean difference +o.oo15 A, and the systematic difference again 
+o.ooo1 A. 

b) Stable lines by spectral regions.—From Table II it is seen that 
for the interferometer measures there is good agreement except 
in the region to the red of \ 6200. Here the Mount Wilson wave- 
lengths average 0.001 A longer than the measures of the Bureau of 


: Burns, Meggers, and Merrill, Bulletin of the Bureau of Standards, 13, 245, 1916. 
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Standards. This lack of agreement probably arises from the 
paucity of standards in the orange-red region and slight variations 
in drawing the correction-curves. 

The Mount Wilson grating wave-lengths appear to be system- 
atically too small for the region \ 3373-A 3500 compared with 
both interferometer series. This, however, is due to the inclusion 
of a few lines showing large negative differences; and whenever 
the systematic difference approximates 0.001 A, it would fall 
well below that limit by omitting two or three lines of low weight. 

c) Unstable lines of groups cs and d.—There are 46 lines of 
groups c5 and d common to the Bureau of Standards and Mount 
Wilson interferometer series. For these the Bureau of Standards 
wave-lengths obtained with the central zone of the 6-mm, 6-amp. 
arc adopted at Bonn’ are systematically longer than those made 
with the central zone of a 12-mm, 5-amp. arc. The average 
difference Bureau of Standards minus Mount Wilson is +0.007 A. 
There are 34 other lines of the same groups common to the Mount 
Wilson interferometer series and the grating measures by Burns.? 
For these lines the average difference Burns minus Mount Wilson 
is +o.008 A. From this it appears that the source adopted at 
Bonn exhibits nearly the same degree of pole-effect as the arc used 
originally by Burns. In their paper Burns, Meggers, and Merrill 
say: ‘‘The region \ 3500 A to \ 4200 A was observed with both 
4 and 6 amperes, but no differences in wave-length were detected 
as a result of the increased current strength.’ Unfortunately for 
such a test, unstable lines are relatively rare in this region, and 
they observed only one such line, viz., \ 4191. Of this they say‘ 
that it could be measured only with a low order of interference 
and had little weight in the final results. Their wave-length 
for it differs by 0.003 A from the international value. In saying 
that interferometer observations under the conditions used by 
them were found to be reasonably free from: the effects of pole- 
shifts, they seem to have had in mind not absolute effects, but 


* Transactions of the International Union for Co-operation in Solar Research, 4, 
59, 1914. 

? Lick Observatory Bulletin, 8, 27 (No. 247), 1913. 

3 Loc. cit., p. 247. 4 [bid., p. 261. 
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rather that the arc used by them did not differ greatly from the 
average arc with which the secondary standards were originally 
obtained. This agrees with the Mount Wilson observations which 
show that the secondary standards of groups cs and d are con- 
taminated by pole-effect to practically the same degree as the 
Bureau of Standards measurements of lines of these groups. That 
the measurement of these lines in the 6-mm, 6-amp. arc is difficult 
and relatively uncertain is shown by the Bureau of Standards 
measures; for 12 secondary standards belonging to groups cs and d 
the mean difference, Bureau of Standards minus International, is 
TABLE II 
Mount WILSON minus BUREAU OF STANDARDS BY SPECTRAL REGIONS 


INTERFEROMETER GRATING 
REGION 

Number of Lines Pee ne! Number of Lines eee 
RRFO—e5O0e, o.aicie-eeisis 23 +0.0003 A 30 —o.0013 A 
BSOO=3000 fe cio ais « 17 ©.0000 18 +0o.0006 
UO 3 700 sia care oe oisc 16 +0.0005 15 +0.0006 
BIGORR OOO msc) sie,51n. sisi 13 +0.0001 16 -+0.0003 
BSGOR S000 mac scyareus « I2 —0.0004 12 +o.o0o1 
BOCO-AQOO oe os ces mince II —0.0005 13 —0.0003 
AOOC-A 200s oss le dice ons 18 —0.0006 19 +o0.0010 
AQIO-AKOO. oops eee 18 —0.0006 18 —0.0003 
ALOO-4O00.. one ce sini 22 —0.0001 23 +o.0002 
BOOO-ABOO'. sic east ss ia —0.0003 18 —0.0003 
AOOO=5 2OO Kea aoe oo 0 0's 19 +0.0006 22 -+o.0009 
ZOO 5 700. sete 25 %,s 22 ©.0000 24 -+o.0008 
GOO0=02002 565. <2 «0% 12 —0.0001 Io —0.O00II 
B2ZOO—OESO0 ss ois o\ni0 24 ++o.0oo1o 17, —0.0003 


BEOOHO7 SO... crise sn s+ 8 tQ2OOLO. | | lee Shaestecsetucte:| aneastcnweciere sete ekees 


+o.0012 A, while for stable standards it is 0.0000 A, and in their 
list of secondary standards differing by more than o.oo1 A from 
International values, half of the lines belong to groups cs and d, 
though they form only one-fifth of the total number of secondary 
standards. 

d) Intensity effect—Burns, Meggers, and Merrill were of the 
opinion that for lines weaker than the standards the grating gives 
wave-lengths different from those obtained by the interferometer, 
but that the wave-lengths obtained by the latter instrument are 
free from an intensity effect. In the present series of grating 
measures an effort was made to obtain as many of the weaker 
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lines as possible. The lines common to this series and the Bureau 
of Standards list have been compared in three groups, intensities 
1-3, 4-5, and stronger than 6. 

It is evident from results given in Table III that in the Mount 
Wilson grating series the wave-lengths of lines weaker than the 
standards show no systematic deviation from the Bureau of Stand- 
ards interferometer values depending upon line-intensity. There 
is, moreover, no systematic difference between the Mount Wilson 
grating and interferometer measures for weak lines, or between the 
interferometer measures for strong and weak exposures. 

e) Grating and interferometer—As to the use of both grating 
and interferometer in obtaining relative wave-lengths as suggested 
by the American committee, we have found the practical advantage 


TABLE III 
BUREAU OF STANDARDS INTERFEROMETER minus Mount WILSON GRATING 


INTENSITIES 
I-3 4-5 6 and Above 
Positive differences...... +o0.069 36lines|+0.077 43 lines|++o0.021 12 lines 
Negative differences..... —o0.079 33 lines|—0.068 39 lines|—0.038 21 lines 
Zero differences. 423... 0.000 617 1ines| 0.000 33lines}| 0.000 12 lines 
Mean differences........]#+0.0017 86 lines }+o0.0013 115 lines|+0.0013 45 lines 
Systematic differences. ..]—o.0001 86 lines|-++o.o001 115 lines|—0.0004 45 lines 


to be the detection of accidental errors, to which attention was 
directed by occasional marked disagreement between the results 
from the two methods, rather than the elimination of comple- 
mentary errors. Even with optically perfect instruments each 
method has in practice both advantages and disadvantages. 

For the interferometer the main points of superiority are: (1) the 
long range of spectrum on each plate, allowing the use of many stand- 
ards or the bridging of wide gaps between standards; (2) the wide 
variation of resolving power without loss in extent of spectrum; 
(3) the moderate sensibility to instrumental disturbances; and 
(4) the less exacting character of the necessary microscopic measure- 
ments. The disadvantages are: (1) the integrating effect intro- 
duced by diaphragms with relatively large openings in front of the 
etalon; (2) the loss in separation of close lines due to coincidences 
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and the low auxiliary dispersion usually employed; (3) the loss of 
light due to absorption in the metal film; and (4) the necessity of 
applying the correction for phase-change. 

For the grating spectrograph the advantages are: (1) the easily 
obtained high dispersion ¢ombined with great resolution for spectral 
regions rich in lines; (2) the relative ease, in practice, with which 
faint lines may be obtained; (3) the simplicity of the instrumental 
equipment; and (4) the great analyzing power in forms free from 
astigmatism. Its disadvantages are: (1) the extreme sensitiveness 
to instrumental disturbances; (2) the difficulties involved in 
obtaining the necessary degree of perfection in the illumination; 
(3) the narrow spectral range under high dispersion, limiting the 
number of available standards; and (4) the higher igeanes 
required in the measurement of the spectrograms. 

The theoretical advantages of the two instruments are well 
compared by Dr. Sparrow as follows: 

The defects of the gratings are fixed. If we have a good instrument we 
can make measurements as good as the best; if it is defective a definite limit 
is set to the accuracy of all our measurements. With the interferometer a 
good pair of plates may become defective through rotating one of them, or 
through tarnish or non-uniformity of the silver film; on the other hand, we 


may more or less average out the errors of a defective pair by this process, 
since each silvering or change of position makes virtually a new pair of plates.* 


In the present investigation we have used three pairs of glass 
interferometer plates by Jobin and a pair of fused quartz by 
Hilger. The plates were several times resilvered with films of high 
uniformity, and were frequently changed in relative angular 
position. In no case was a plate used on which there appeared any 
evidence of tarnish or variable thickness of metal. Five high- 
quality gratings, two by Michelson and three by Anderson, were 
used in obtaining the grating series of spectrograms. As the appar- 
ent distribution of intensity in a spectral line depends upon the 
peculiarities of the ruling engine and the particular conditions 
under which each grating is produced, it is plainly an advantage 
in eliminating any resultant systematic errors to use gratings ruled 
upon two types of engine and under different circumstances for the 


t Astrophysical Journal, 49, 95, 1919. 
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two types. In view of the diversity of instrumental equipment 
employed, it is probable that defects inherent in the particular 
instruments, whether interferometers or gratings, play a minor 
réle in both series of measures. 

Moreover, the absence of systematic effects depending upon 
line-intensity, the precautions taken to avoid errors due to pole- 
effect, and the substantial agreement shown by the wave-lengths 
in the two series lend weight to the results. It is perhaps not too 
much to hope that, for lines common to our two lists and having 
probable errors marked A or B, the weighted mean wave-length 
will be found accurate to one unit in the third decimal place. 

Assistance in measurement and reduction has been given by 
Mrs. A. H. Joy, who as Miss Burns was formerly a member of the 
computing division, by Miss A. M. Brayton, by Miss A. L. Miller, 
and by Miss L. M. Keener. For their interested co-operation 
and efficient work we wish to express our appreciation. 


Mount WItson OBSERVATORY 
November 1920 
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Contributions from the Mount Wilson Observatory, No. 203 
Reprinted from the Astrophysical Journal, Vol. LIII, PP. 240-250, 1921 


MEASUREMENT OF “THE DIAMETER OF a ORIONIS 
WITH THE INTERFEROMETER 


By A, A. MICHELSON anp F. G. PEASE 
ABSTRACT 


Twenty-foot interferometer for measuring minute angles.—Since pencils of rays at 
least ro feet apart must be used to measure the diameters of even the largest stars, 
and because the interferometer results obtained with the roo-inch reflector were so 
encouraging, the construction of a 20-foot interferometer was undertaken. A very 
rigid beam made of structural steel was mounted on the end of the Cassegrain cage, 
and four 6-inch mirrors were mounted on it so as to reduce the separation of the pencils 
to 45 inches and enable them to be brought to accurate coincidence by the telescope. 
The methods of making the fine adjustments necessary are described, including the 
use of two thin wedges of glass to vary continuously the equivalent air-path of one 
pencil. Sharp fringes were obtained with this instrument in August, 1920. 

Diameter of a Orionis.—Although the interferometer was not yet provided with 
means for continuously altering the distance between the pencils used, some observa- 
tions were made on this star, which was known to be very large. On December 13, 
1920, with very good seeing, no fringes could be found when the separation of the 
pencils was 121 inches, although tests on other stars showed the instrument to be in 
perfect adjustment. This separation for minimum visibility gives the angular diam- 
eter as 0”047 within ro per cent, assuming the disk of the star uniformly luminous. 
Hence, taking the parallax as o’018, the linear diameter comes out 240 10° miles. 

Interferometer method of determining the distribution of luminosity on a stellar disk.— 
The variation of intensity of the interference fringes with the separation of the two 
pencils depends not only on the angular diameter of the disk but also on the dis- 
tribution of luminosity. The theory is developed for the case in which =I, (R?-7)”, 
and formulae are given for determining 7 from observations. 

I 
Table of values of (r—32)" +4 cos kx dx, for m equal to o, 4, 1, and 2, and for 
° 
k up to 600°, is given. 


It was shown in Contributions Nos. 184 and 185,’ that the 
application of interference methods to astronomical measurements 
is not seriously affected by atmospheric disturbances, and indeed 
observations by these methods have proved feasible even when the 
seeing was very poor. The explanation of this apparent paradox 
lies in the fact that when the whole objective is effective, the 
atmospheric disturbances, being irregularly distributed over the 
surface, simply blur the diffraction pattern; but in the case of two 
isolated pencils too small to be affected by such an integrated 
disturbance, the resulting interference fringes, though in motion, 


t Astrophysical Journal, 51, 257, 263, 1920. 
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are quite distinct, unless the period of the disturbances is too 
rapid for the eye to follow. 

When it was found that the interference fringes remain at full 
visibility with the slits separated by the diameter of the 1oo-inch 
mirror, it was decided to build an interferometer with movable 
outer mirrors (Fig. 1) in order to make tests with separations as 
great as 20 feet. 

The interferometer beam (Plate Ia and Fig. 2) was made of 
structural steel, as stiff and rigid as circumstances of weight and 


Fic. 1.—Diagram”of optical path of interferometer pencils. M:, M., M;, My, 
mirrors; @, too-inch paraboloid; b, convex mirror; c, coudé flat; d, focus. 


operation would permit, for flexure causes a separation of the © 
two pencils, and any vibration as great as one-thousandth of a 
millimeter blurs the fringes. 

The beam is constructed of two 10-inch channels with flanges 
turned inward, separated by pieces of 12-inch‘ channel and covered 
on the bottom with ;3;-inch (4.75 mm) steel plate (C, Fig. 2), all 
riveted securely together. 

To reduce the weight holes were cut wherever the removal of 
metal would not cause a weakening of the structure. The inner 
edges of the top flanges were planed true to o.oor of an inch 
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INTERFEROMETER USED WITH I00-INCH HOOKER REFLECTOR 


a. A, 20-foot interferometer beam on end of telescope; M;, M., M3, M,, mirrors. 
b,c. Adapter at focus; J, rod to shift wedge; K, direct-vision prism; G, fixed wedge; H, moy- 
able wedge; J, plane-parallel compensator. 
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(0.025 mm), the beam being supported as it was to be mounted on 
the telescope. 

Four mirrors, M,, M,, M,, M, (Figs. 1 and 2 and Plate Ia), 
about 6 inches (152 mm) in diameter, inclined 45° to the base, 
are mounted on slides; M, and M, are adjusted by three screws 
at the back, while M, and M, are adjustable about two horizontal 
axes by means of fine screws at the ends of g-inch (228 mm) lever 
arms. The mirrors M, and M, are permanently fixed except that 
M, has a motion of several millimeters along its slide parallel to 
the beam. 

The nearly constant separation of the mirrors M, and M,; by 
about 45 inches (114.2cm) gives the fringe pattern a fixed spacing 
equal to 0.02 mm, easily visible with a magnification of 1600. The 
mirrors M, and M, can be shifted along the beam; their distances 
from M, and M, must be equal, a condition satisfied as closely as 
possible by measurement with steel scales. 

The beam is mounted on the end of the Cassegrain cage 
(Plate Ia and Fig. 2), which is 11 feet (3.35 m) in diameter, and 
all observations are made at the Cassegrain focus corresponding 
to an equivalent focal length of 134 feet (40.84m). Two pencils 
from the star are reflected from the outer mirrors M, and M, 
to mirrors M, and M,, thence over the ordinary course in the 
telescope to the paraboloid (a, Fig. 1), the convex mirror (0, Fig. 1), 
the coudé flat (c, Fig. 1), and finally the focus (d, Fig. 1). 

M, and M, are adjusted during the day and M, and M, on 
a star at night; and usually after the first setting of a run the 
image appears in the field of view of the telescope. 

Coincidence of the two interferometer pencils at the focus is 
obtained by first adjusting the mirrors M, and M, and then 
tilting a plane-parallel glass plate, 15 mm thick (J, Fig. 3, and 
Plate Ic), in the path of one of the pencils, which also serves to 
compensate the path of the double wedge mentioned below. 

Equality of path in the two interferometer pencils is obtained 
by first setting the mirrors M, and M, symmetrically on the beam, 
as nearly as possible, and then adjusting the double wedge of 
glass (G, H, Fig. 3, and Plate Ic, 2 feet within the focus) in the 
path of one of the pencils, the relative motion of the wedges 
altering the path slowly and continuously. 
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One of the wedges (H, Fig. 3), whose angles are about 10°, 
can be moved 25 mm either side of its mean position, parallel 
to the inclined surfaces. One turn of the rod (J, Plate Id) shifts 
this wedge o.5 mm, thus introducing an equivalent air path of 
about o.045mm. Although fringes can be observed throughout 
one-third of a turn, corresponding to an air path of o.015 mm, 
or about 26 light-waves, the finding of the fringes is notably facili- 
tated by a direct-vision prism (K, Plate Id) placed in front of the 
eyepiece, which permits observation of interference bands with a 
path-difference of several hundred waves. 


Fic. 3.—Diagram of adapter at focus. G, fixed wedge; H, movable wedge; 
I, plane-parallel compensator; J, rod to shift wedge. 


To obtain a series of reference or “zero” fringes the end of the 
telescope tube is entirely covered, save for two apertures in the 
beam (in addition to those of mirrors M, and M,), 6 inches (152 mm) 
in diameter. The pencils entering these apertures pass through 
the wedges and the compensating plate, respectively, and produce 
an image of the star in the field of view. When adjusted for 
coincidence and equality of path, these pencils interfere and 
produce the zero fringes which cross the reference image. 

The interferometer images are next brought into the field of 
view of the eyepiece and made to coincide a short distance from the 
zero star, thus forming a second star in the field of view. Usually 
the adjustment of the mirrors M;, and M, is sufficient to do this and 
the parallel plate compensator is used only for differential deflection 
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of the steel beam. As soon as the wedge is moved to equalize the 
path-difference in the interferometer pencils, the zero fringes dis- 
appear and count is made of the turns of the rod required to bring 
the interferometer fringes into view. The mirror M, is then 
moved a small amount to compensate for this difference, and after 
several trials both sets of fringes are seen in the field of view 
crossing their respective images. 

Differential refraction between air and glass limits the amount 
by which the effective thickness of the wedges may differ from that 
of the compensator, but interferometer fringes have been found 
with the wedge 20 mm from its mean position, corresponding to a 
2-mm difference of air path. 

Fringes were obtained with this apparatus in August, 1920, with 
the mirrors M, and M, at various distances apart, and, as there was 
no appreciable deterioration in their visibility at 18 feet (5.49 m) as 
compared with a separation of 6 feet (1.83 m), it seems reasonable 
to hope that this distance can be increased to 50 feet (15.24 m) or 
even to 100 feet (30.48m). Work was discontinued after this 
series of experiments and again resumed in December, 1920. 

Although provision is only just now being made for continuous 
alteration of the distance between the mirrors, as is essential in 
making accurate measurements, it was nevertheless decided to 
attempt a measurement of the angular diameter of a Orionis, for 
the calculations of Eddington, Russell, and Shapley, based on 
estimates of apparent surface brightness, had indicated that this 
star would be a promising subject for investigation. 

The possibility of measuring the angular diameter of a distant 
object by interference methods depends upon the following consider- 
ations. 

Let the distribution of light in the disk be represented by 


f= I.(R?— r7)*, 


r being the distance from the center, R the radius of the star, 2 the 
exponent of darkening at the limb. The visibility of the inter- 
ference bands is 


Nice ve 
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where 
C= i F(x) cos kx dx, S= (F (x) sin kx dx, 


P= {F(x) dx, Fea 


in which 0 is the distance between two pencils entering the inter- 
ferometer, \ the mean length of the light-waves of the source, 
and d the distance of the source. F(«)d« is the total intensity of a 
strip of the source whose width is dx. For a symmetrical source 
such as a star disk, 
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Fic. 4.—Distribution of light in various sources 
If the illumination is uniform, F(x) = V R?—22, whence 


R 
{vR=2 cos kx dx 
V=— 


R ? 
{ve- x? dx 


tables for which;have been computed by Airy. 
If the illumination can be represented as a function of the 
distance from the center, J =(R?—7’)”, then 
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VRa2 
F(x)= ts —y)"dy 
which, expanded in series and pias in V, gives 
ices —x* NET. cos kx dx 


(ela 


This integral has been computed under the direction of Pro- 
fessor Moulton, the results being summarized in the accompanying 
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Fic. 5.—Visibility-curves for various sources 


Values of FC«x,.n) —> 
+ 


table; and in Figure 4 is shown the distribution of light in the source 
for the values n=o, 3, 1, and 2, and in Figure 5 the resulting 
visibility-curves. 

It will be noted that for =o the first disappearance of the 
fringes occurs at k=220°, while for »=0.5, the value is k=257°. 
For this value of 1, the corresponding value of the diameter of 
Betelgeuse would be about 17 per cent greater than given below. 
(For the sun, the value of 2 is not far from o. 4.) 
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VALUES OF 
Me an-+1 
F(k, n={ (1-27) 2 coskxdx 
ie} 
n=O n=0.5 n=1 n=2 

k F(,n) k F(k,n) k F(k,n) k F(k,n) 
o | +0.785 °° +0.785 °° +0. 785 °° +0.785 

100 +0.507 30 +o. 765 40 +o. 746 40 +0. 761 
130 +0.378 60 +0.702 80 +0.663 80 +0.694 
160 +0. 243 go +o0.607 120 +0.536 120 +o.500 
200 +0.065 120 +o.490 160 +0. 383 160 +0.468 
230 —0.024 150 +o. 363 200 SeOnza 200 +0.342 
240 —0.050 180 +0. 238 240 +o.112 240 +0. 221 
280 —0.100 210 On] 280 +0.024 280 Ome 
320 —0.095 240 +0.038 320 —0.029 320 +0.054 
360 671053 25727! 0.000 360 —0.045 360 +0.003 
400 —0,007 270 —0.024 400 —0.030 400 —0.019 
440 +0.036 300 —=O1087, 440 —0.020 440 —0.024 
520 +0.042 330 —o.068 480 —0.001 480 —0o.018 
600 —=6, OIF 360 —0.059 520 -+o.012 | ' 520 —0.006 
A Pen ROR Ca Mors 390 —90.040 600 0.013 560 0.000 
*2 oS a eee 420 —o.016 640 +0.005 600 +o.005 
Fe: Dag oe Cn Ce 450 0.005 680 —0.004 680 +0.005 
653 6 Da See 480 =F OSOLO ll) noieeaeser ees. eecteteae.cee 720 +0.002 
ee SN te, eke sia cs 510 SEO O28 Yn aie crepatertenel| ier ane, eussiticte | vezopel oaous tote [Letouer age totes 
Pe aie cAlorehe ow hii is 540 =F OO ZO! isrszctveleve.s wokel|lanesace cas latte cell evade sucuti ial loneitee teow es ame 
2. Sio. epee a ORE 570 FO: OL) || icistaeed cisielf sitet s es stoueits| rales sPeweteuel|le ois stone 
AS 8 el al eS 600 =O). OOO | Sieretenersrevers | cre eiecavete ll aktretcetine eats Rene are 
6 SON Eee 630 OOO 2 aia cece taecs cel Sip yatta ene Cocos ousyoeeer oil neces iekanetne 


While it may be too much to expect that we shall be able to 
deduce the actual distribution of the light in the source from 
observations of the visibility-curve itself, it may be worth while 
to point out that this is theoretically possible; and perhaps the 
case will not be entirely hopeless when the requisite skill in making 
the observations has been obtained by practice. 

If 6, and b, are the distances at which the fringes vanish for the 
first and second times, then the following formula will give a fair 
approximation to the value of 7 in the light-curve: 


by 
n=—rt75(F-3)° 


Or again, if V,, is the visibility at the first negative maximum 
(that at b=o being unity), 


st ae pha ye" 
n=0. Ve 7: ° 
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It will be seen from this discussion that the measurement 
sought is that value of the separation of the outer mirrors M, and 
M, for which the fringes vanish. This corresponds to the point 
where the graphs (Fig. 5) cross the horizontal axis, that is, for 
the value F(k,n) =o. <A preliminary investigation by Merrill, with 
the apparatus used by Anderson‘ in the measurement of Capella, 
revealed in fact a definite decrease in visibility of the fringes of 
a Orionis for the maximum separation of the slits (100 inches). 
This was true, moreover, for all position angles, which indicated 
that the star is not a binary and that the decrease in visibility is to 
be attributed to a measurable diameter. 

On December 13, 1920, after preliminary settings on # Persei 
with the mirrors separated 81 inches (229 cm) and on @ Persei and 
y Orionis with & separation of 121 inches, thus insuring that the 
instrument was in perfect adjustment, it was turned on a Orionis 
and fringes across the interferometer image were sought for some 
time, but could not be found. The seeing was very good, and the 
zero fringes could be picked up at will. 

When next turned on a Canis Minoris the fringes stood out on 
both images with practically no adjustment of the compensating 
wedge, which furnishes a check on the disappearance of the fringes 
for a Orionis. 

It is clear from these observations that the disappearance of the 
fringes in the case of a Orionis cannot have been due to any dis- 
turbance of the mirrors caused by changes in the position of the 
telescope, for changes such as those here involved require only a 
few turns of the rod controlling the compensating wedge to coun- 
teract differences in atmospheric path and flexure and bring the 
fringes again into view. There is therefore no chance that they 
were simply overlooked in the case of a Orionis. 

To observe the recurrence of the fringes near the second maxi- 
mum for a Orionis, the mirrors were next separated a distance of 
13 feet and the telescope turned on a Canis Minoris, fringes appear- 
ing across both star images as soon as the component pencils were 
brought into coincidence. On December 14 and the nights follow- 
ing, the seeing was very poor, the visibility of standard check stars 

« Mt. Wilson Contr., No. 185; Astrophysical Journal, 51, 263, 1920. 
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being decidedly less than on the night of December 13; conse- 
quently no attempt was made to observe the second maximum 
and minimum of a Orionis, but attention was turned to other 
stars, and settings were made on a Ceti, a Tauri, and 8 Geminorum. 
The zero fringes were seen in every case, although with slightly 
decreased visibility; but it was only at rare intervals of better 
seeing that the interferometer fringes could be seen at all. From 
this fact it is presumed that there was an actual decrease of visi- 
bility for these stars and that some estimate of their diameters can 
be made with the 20-foot beam. Observations on these and other 
objects of presumably large diameter are being continued. 

Assuming that the effective wave-length for a Orionis is \ 5750, 
its angular diameter from the formula a=1.22 \/b proves to be 
0’047; and with a parallax’ of o’018 its linear diameter turns 
out to be 240X10° miles, or slightly less than that of the orbit of 
Mars. ‘This value corresponds to a uniformly illuminated disk, 
while for one darkened at the limb, this result, as mentioned above, 
would be increased by about 17 per cent. The uncertainty of the 
measurement of the angular diameter is about ro per cent. 

Cordial acknowledgment is tendered to Director George E. 
Hale for placing the resources of the Observatory at our disposal 
and for his enthusiastic co-operation in furthering the investigation. 

Mr. J. A. Anderson was present on several occasions and we wish 
particularly to acknowledge his valuable assistance in checking the 
measures on December 13. 


Mount WILSON OBSERVATORY 
February 1921 


« The weighted mean of Adams’ spectroscopic parallax, o’or2, and the trigono- 
metric values of Elkin, 07030, and of Schlesinger, o7016. 
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THE PHOTOGRAPHIC DETERMINATION OF STELLAR 
PARALLAXES WITH THE 60-INCH REFLECTOR 


FIFTH SERIES 
By ADRIAAN VAN MAANEN 


The present publication is a continuation of the four previous 
series of parallaxes.". As the processes of taking, measuring, and 
reducing the plates are practically the same as in the former series, 
no details as to the derivation of the present results need be men- 
tioned. 

The necessary data for each field are collected in the tables, 
which are arranged as in the previous papers. 

The results are collected in Table I, in which the successive 
columns give: (1) the name of the object; (2) and (3) the right 
ascension and declination for 1900.0; (4) the magnitude on the 
Harvard system; (5) the Mount Wilson estimated spectral type; 
(6) the relative parallax; (7) its probable error; and (8) the num- 
ber of exposures. 

The mean number of exposures is 16.4; the mean probable 
error of a final parallax, 070057. 

An extensive discussion of the systematic error of the Mount 
Wilson trigonometric parallaxes was given in the fourth series.’ 
A comparison with the spectroscopically determined parallaxes 
was then omitted, as they were at that time in process of revision. 
The results for seventy-nine stars common to both lists have since 
then been published by Adams and his collaborators in Coniribu- 
tion No. 199, the weighted mean difference a.).—amym_ being 
—o”’o0032. For the thirteen stars included in the present paper 
the difference is —o%0007; for all ninety-two stars which have 
now been observed by both Adams and the author, it is —o%0029. 
This result is in good agreement with the conclusions reached in 
Contributions Nos. 182 and 189. 

I Mt. Wilson Contr., Nos. 111, 1916; 136, 1917; 158, 1918; 182, 1920. 

2 Ibid., No. 182, 1920. 
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Special note should be made of the following fields, of which it 
should be mentioned that the absolute parallaxes have been used 
after applying the systematic corrections found in Contribution 
No. 189. 


TABLE I 

Vis. Mount eve No. 

Object a1Igoo 5 1900 ee My Pernt Boas PE. Eb 

INI G:Ga4Os Serer ob 7m358 |4+77°°8’ | 11.6* | Pl. Neb. |+0%003 | 07003 | 18 
T Cassiopeiae..... 017 48 |+55 14 | Var. Md_ |+0.027 | 0.003 | 18 
Lalande 1966...... Toe Selo | |aeOl ed 7.8 F5 +0.015 | 0.004 | 16 
IBOSS4 Odes eae T 40 30) |=203\22 5-74 Ko +o.118 | 0.007 | 16 
IBOSS#5O0 net a series 2 6 57 {+50 36 5-40 Gs +o.011I | 0.005 | 16 
IBOSSiOS Ae ane beet 247 24 14-37 56 G32 Fo +0.027 | 0.009 | 16 
Lalande 6888, epitieay J 8.4 Ko +0.076 | 0.005 | 16 
Lalande 6889f** °°” 374% fae ha) Ka +0.081 | 0.006 | 16 
Anonymous....... AS39007 | =Oh ES | rs 2 fone +0.010 | 0.005 | 16 
RX Aurigae....... 4 54 28 {+3949 | Var. Fop |—0.o001 | 0.005 | 16 
INEGI 3202 2c 5 36 37 |+ 9 2 | 14.2* | Pl. Neb. |+0.008 | 0.004 | 16 
NIG Oo a 7-2 719 18 |+29-41 | 13.5* | Pl. Neb. |+0.011 | 0.005 | 16 
W Ursae Maj...... 9 36 42 |+56 25 | Var. F8p |+0.023 | 0.006 | 14 
BOssistAGieiyac ees II 57 24 |+43 30 6.83 G7 —0.013 | 0.006 | 16 
IN:G Cost anew a Iz 58 7 |+45 6 | 13.8* | Sp. Neb. |++-0.001 | 0.005 | 16 
Bossis32 2s ce rae I2 40 24 |+45 58 553 N —0.002 | 0.003 | 16 
IBOSSi3 554 canes: P3542 Oye Ors 1 6732 Fo +0.026 | 0.007 | 16 
INIGHGNO21Ou ce 16 40 18 |+23 59 | 11.7* | Pl. Neb. |—0.003 | 0.003 | 16 
IN Gi@H 65430 eee 17 58 32 |+66 38 | 11.3* | Pl. Neb. |+0.029 | 0.004 | 16 
Nova Aquilae No. 3} 18 43 49 |+ 029 | Var Nova +0.019 | 0.006 | 16 
D7 lay rac: Cannes I9 3 40 |+32 21 | 11.00 Ma_ |-+0.109 | 0.008 | 16 
RRO yracat eae IQ 22 14 |+42 36 | Var. Fop |+0.006 | 0.006 | 20 
B.D+30°3639..... I9 30 54 |+3018 OEss O +0.005 | 0.0cg | 16 
Pitcohorse ten ctee 22 40 54 |+29 54 6.52 Ko +0.027 | c.007 | 16 
Bossi0o20-eeeeeiae 23 18.52 ||=+-3550 6.53 Ag +0.014 | 0.008 | 16 
iBino2! 1 O4meeec mee 23 38 30 |-+57 31 Hes: G2 +0.028 | 0.009 | 20 


* The magnitudes for the central stars of the nebulae are photographic, derived from counts of 
the number of stars of equal and brighter magnitudes and are based on Table IV of Groningen Publica- 
tions, No. 27. ; 


{This magnitude is photographic, determined in the same way as the magnitudes of the central 
stars of the nebulae. 


a) Planetary Nebulae. The present series contains the results 
for five additional planetary nebulae. A summary of their paral- 
laxes, together with the computed absolute magnitudes and 
diameters in light-years, is given in Table II. 

In order to get an idea of the size of these remarkable objects, 
the mean absolute magnitude and the mean diameter have been com- 
puted for the eleven planetaries for which fairly reliable parallaxes 
are now available. The result is, for mean absolute magnitude, 
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+8.4; for mean diameter, 3740 astronomical units or 0.06 light- 
years. 


TABLE II 
_ DIAMETER 
N.G.C. Tabs. m M 
Angular Light-Years 

OMe aes xy sh stn se dik +0%003 DieO +4.0 60” 0.32 
UOC e Ec eee ee +o.008 race +8.7 28 0.06 
PETE? sciniwecce| rOvOLr E355 Stony 60 0.00 
OT On cette oar dsts ere crs —0.003 a. 7 en roe eter AZ. ~~ [Gen cere 
GARR te reel avacis, 60h +¢.029 Loe +8.6 22 0.01 


b) T Cassiopeiae. This is the first long-period variable for 
which a parallax has been determined at this observatory. For 
only one other star of this type is a trigonometric parallax available, 
viz., oCeti, for which Russell gives 7.;, +0”160; Kostinsky, 
—0’025; and Mitchell, +07064. 

The parallax of +0%027, found for T Cassiopeiae, gives for 
this star the absolute magnitudes +3.9 at maximum and +9.7 at 
minimum. Using the weighted mean value of the parallax 
for oCeti, we find as corresponding values +o.1 and +8.0. 

Several stars of this type are now under observation for parallax, 
and it therefore seems better to await further results before draw- 
ing any conclusions about these objects. 

In securing parallax plates for these long-period variables, it is 
necessary to know the apparent magnitude at the different epochs 
with a fair degree of accuracy, in order that we may always 
secure photographic images of about the same brightness by the 
use of rotating sectors of different openings. Mr. Leon Campbell 
has had the extreme kindness to furnish me with the necessary 
data for most cases. I am also under obligation to Mr. Paul 
Merrill for several estimates of the brightness of the stars under 
observation. 

c) Lalande 1966. This star was placed on the parallax program 
on account of the discordance between the existing values for its 
parallax. Other stars included for similar reasons are Lalande 
6888-9, for which the parallax values range from —o‘161 to 
+o”190, Pi. 22214, and Pi. 235164. 
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d) Boss 500. This star has a proper motion of 07400; its 
parallax, however, is extremely small; Yerkes gives taps. +-07003; 
Allegheny, -+-o"0r4; Adams, +-o”012; van Maanen, +0%or11; 
the weighted mean is o’o10. The motion at right angles to the 
line of sight is 190 km/sec. As its radial velocity is 30 km/sec., 
the space velocity is 192 km/sec., an extraordinary value for a 
star of absolute magnitude +0. 4. 

e) Anonymous. a=4's3™11°, 5=+39°13’. This star was 
measured as a comparison star in deriving the parallax of Boss 1182, 
but was later rejected for this purpose on account of its large 
proper motion (u=0"377 in p 114°6) and presumably large parallax. 
The present measures yield a parallax of +0”010+0"005, indicat- 
ing an absolute-magnitude of +8.2 and a velocity at right angles 
to the line of sight of about 180 km/sec. 

jf) RX Aurigae and RRLyrae. The parallaxes of these 
Cepheids show good agreement with the values found by Shapley, 
+o0"0006 and -+0%0030, respectively. For RR Lyrae, Adams 
finds the spectroscopic parallax to be +o%o004. The small value 
of the parallax found by three different methods is quite remarkable, 
as the star has a large proper motion, viz., 07221. Taking the 
mean of the three values, we find the absolute magnitude to be 
o.o at maximum and +o.9 at minimum. The velocity at right 
angles to the line of sight is 243 km/sec.; the radial velocity is 
50 km/sec., thus giving a total velocity of nearly 250 km/sec., 
another example of a very luminous star with an extraordinarily 
high velocity. 

g) W Ursae Majoris. For this eclipsing variable, three paral- 
laxes are now known: Shapley, +0%020; Yerkes, +o’%01r7; and 
van Maanen, +0%023. The mean parallax, +0020, gives an 
absolute magnitude of +4.4 at maximum and +5.1 at minimum. 

h) N.G.C. 4051. This is a spiral nebula described by Curtis 
as ‘“‘a fine, rather bright spiral 4’X2'; very bright stellar nucleus. 
There are numerous almost stellar condensations. It is a two- 
branched spiral and each branch is bifid.” On the 15-minute 
exposures taken at the 80-foot focus of the 60-inch reflector, the 
central part only is visible and in appearance its images are hardly 
different from the surrounding stars. The photographic magnitude 


96 


STELLAR PARALLAXES 5 


is 13.8. For three spiral nebulae (N.G.C. 224, 4051, and 5104) 
parallaxes have now been determined at this observatory; all give 
positive parallaxes, but the values are too small to afford any 
reliable conclusions as to the distance of these objects. 

i) Boss 3322. This ig the only N-type star for which a trigo- 
nometric parallax has been determined. Its small negative value 
points to high luminosities for these stars, in agreement with 
Kapteyn’s value for their mean parallax (0%0007), based on their 
proper motions." 

j) Nova Aquilae No.3. The parallax of +o0”’o19 derived here 
gives an absolute magnitude of —5.1 at maximum and +6.9 at 
minimum. ‘The other results at present available are the prelimi- 
nary value by Olivier, +07%007, and two values derived from 
meridian circle observations by Messrs. Philippot and Delporte,? 
who find +o0%197 and +0%064, respectively. As the star is on 
the parallax programs of several observatories, we may expect 
before long a more reliable value for its distance. 

k) B.D.+30° 3639. This is Campbell’s hydrogen-envelope star. 
The nebulosity surrounding the star is not quite symmetrical and 
plates taken when the seeing is not of the best may easily vitiate 
the result. Great weight should not, in consequence, be attached 
to the present result. The series of plates will be continued until 
an extremely good set is available. 


t Astrophysical Journal, 32, 91, 1910. 
2 Annales de i’Obs. Royal de Belgique, 14, 223, 237, 1918. 
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N.G.C. 40 a=07™358 6=+71°58’ 


Pl. No. Date t Obs. Qy p ™ Remarks 

1852r..\r918 Aug. 1x |—11°7 | Hum| fg |+o.641 |+3.61 

18522. . ir |j— 7.2 | vM g |+o.641 |-+3.61 

1864:.. 12 |— 9.0 | Hum g |+o0.629 |+3.62 

18642. . 12|— 4.5 | vM g |+0.629 |+3.62 

1980r. - Oct. 27 |+ 2.2} H f |—0.479 |+3.82 | 20™ exp. 

19802. . 27 |+ 8.0| vM f |—0.479 |+3.82 | 20™ exp. 

2023r.. Nov. 10 |—11.7 | vM g |—0.650 |+3.86 

20232. . 1o|— 7.5| H fg |—0.650 |+3.86 

2040r. . ir |— 6.5 | vM fg |—0.659 |+3.87 

20402 Ir |— 2.0 H fg |—0.659 |+3.87 

2078. Dec. 27 |+12.5 | vM fg |—o.900 |+3.99 

2005... 28 |+14.0 | vM | gas |—o.900 |+3.99 

2300.../1919 July 31 |+ 6.5] B fg |+o0.756 |+4.58 

23261... Aug. 19 |— 5.0] B fg |+0.547.|+4.64 

23262. . 19 |— 0.5 H fg |+o0.547 |+4.64 

2448... Nov. 16 |—10.0 | Hum g |—o.708 |+4.88 

2810;../1920 Aug. 6 |+ 1.5 | vM g |+o0.690 |+5.60 

28102. . 6/+ 5.7 | Hum g |+0.690 |+5.60 

Mor.-Ev. Ap Am M v At 
185 2:-20231....| + 1.29 —0.25 +13 +9 o°0 
1864:-2448....| +1.34 —1.26 +17 + 6 + 1.0 
18522-20232....| -+-1.29 —0.25 —I0 —14 = nONs 
2320;-2040;....| --1.21 +0.77 — 6 —2 = ES 
18642-20402....| —+1.29 =—On25 + 2 —2 =P ne 
23262-19801....| —+1.03 +o.82 —12 — 8 — 2.7 
2300 -19802....| —-+1I.24 +o0.76 — 7 —4 = 15 
2810;-2078 ....| +1.59 +1.61 —I0 —1 —II.0 
28102-2095....| -+1.59 +1.61 + 2 =-15 — 8.3 
+8.79 Mat 5.189%7=—55 mT =+1.6=+0%003 07003 
+5.18 wat15.907T=—I1 Ma=—7.2=—0"012 £07004 

Comp. Star Br. x y © P.E. 
it bf +3'0 +2'3 —o"002 +0011 
Dh ea bf ~+7.1 +0.5 —0.003 ©.009 
Ba if +2.6 —1.8 —0.005 0.009 
AAS Seren Bee f —1.6 —4.1 —0.001 0.013 
Sonsoas b —3.7 —4.1 +o0.o010 0.011 
6.. f —5.1 +1.9 —0.017 ©.008 
Tice ee f —2.2 +3.0 +0.005 ©.009 
Sanco f —0.3 +3.4 +0.013 +0.012 
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T Cassiopeiae a=ohr7m4ge 8=+55°r4! 


Pl. No. Date t Obs. Qy ? m Remarks 
2488;../1919 Dec. 15 |+ 4°5 | vM g |—o.882 |+4.96 | Thick, 20™ exp. 
24882. . 15 |+10.0} H gas |—0.882 |+4.96 | Thick, 20™ exp. 
2500x.. 17 |— 3.2 b vM fg |—o.889 |+4.96 | Clouds, 20™ exp. 
25002. . 1 ll J fe | fg |—o.889 |+4.96 | Thick, 20™ exp. 
2828;../1920 Aug. 19 |-+ 1.7 H g |+0.574 |+5.64 
28282. . 19 |+ 6.0] vM fg |+0.574 |+5.64 
28301. . 20 |— 8.5 | vM g |+0.561 |+5.64 
28302. . 20 |— 4.0} H g |+o.56r |+5.64 
2853:.. 21 j— 1.5 | vM g |+0.548 |+5.64 
28532. . 20 [ata ol eee g |+0.548 |+5.64 
2868... 22 |+12.5 H g |+0.536 |+5.64 
2879... Sept. 7 |-+13.5 | vM fg |+0.313 |+5.69 | 20™ exp. 
2886... Si ep lose if val g |+o.297 |+5.69 
2062:.. Nov. 3 |+ 0.2 | vM g |—0.538 |+5.84 
29622. . 3 |+ 4.2 | Hum g |—0.539 |+5.84 
2975:.. Dec. 3 |+ 9.0] vM | gas |—0.830 |+5.93 
20752-. 3 |+13.2 | Hum] fg |—o0.830 |+5.93 
2980... 5 |— 0.2 | Hum] fg |—o0.839 !|+5.93 | Trail of Boss 71 
Mor.-Ev. Ap Am M 9 At 
28301-2500....| -+1.45 +0.68 +25 + 5 —5°3 
28392-2989....| —-+1.40 —=0.20 +20 — 6 —3.8 
28531-2902:....} -+1.09 —0.20 + 8 — TT —1I.7 
2828;-25002....| —+1.46 4-0.68 +17 —4 —1.5 
28532-290622....| —-+1.00 —0.20 +11 — 8 | —2.0 
2828.-2488;....| —+1.46 +0.68 +30 +9 +1.5 
2886 —29751...-| —-+1-.13 —0.24 +36 +16 —1.5 
2868 —24882....| —+1.42 +0.68 +11 —- 9 2.5 
2879 —20752....| —+1.14 —0.24 +27 +7 +0.3 
+2.12Met 2.557=+ 31 7 =+16.8=+07027 07003 
+2.55m@et15.307=+ 242 Ha=— 5.6=—0"%009 +0"009 
Comp. Star} Br. x y 7 P.E. 
iG a anae bf +1/8 +419 —o"oor + 0" 008 
Sos aes bf +3.0 +1.6 +o.008 0.010 
Chee ooee f +4.3 —4.8 +o.001 0.007 
RRA IE bf +1.4 —4.7 —0.007 0.007 
rere aah DE —1.5 —1.9 +0.002 0.005 
Onecare: b —5.1 —2.5 —0,.005 0.004 
PEW: b —2.0 +2.6 +0.032 0.008 
Seana ser: f —I.I +4.9 —o0.026 =0,009 
i I a pa cen De 
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Lalande 1966 a= 153m788 6=+61°r’ 


Pl. No. Date t Obs. Qy p m Remarks 

IQI7zx..|1918 Sept. 4 |—11-0 H fg |+0.540 |+3.68 

IQL72.: 4|-— 7.0] vM fg |+o.540 |+3.68 

IQ3Ix.. 5 |—11.5 | vM Fi arO452 74-3108 

19312. . Sa eyes iyi g |t+o.527 |+3-68 

2042:.. Nov. 11 |+ 1.0] vM g |—0.477 |+3.87 

20422. . Ir |+ 5.0 H £ 10.477 |4+-3.87 

20701. . Dec, 27 \-- 4.2 H fg |—0.888 |+3.99 

20702. . 27 1+ 8.5 | vM fg |—o.888 |+3.99 

2433x.-|1919 Nov.15 |— 2.7 | vM fg |—o.527 |+4.88 

24332. - 1g |-+- 1.5) | Humy> ig |—0.527 |-+4:388 

2462:.. 17 |— 8.7 | vM fg |—0.553 |+4.88 | Thick, 20™ exp. 

24022. . 17 |— 3.5| H fg |—o.553 |+4.88 | Thick, 20™ exp. 

2811;..}1920 Aug. 6 |— 2.5 | vM g |+o.835 |+5.60 

281I2.. 6 |+ 1.5 | Hum g |+0.835 |+5.60 

2820:.. LOU sug, H g |to.721 |+5.64 

282Q2.. ~ 19 J+ 5:0 | vM g |+o.721 |+5.64 

Mor.-Ev. Ap Am M v At 

1931x-2462:....| +1.08 —1.20 —458 | —16 | —2°8 
IQ171-24622....| —-+1.09 —1.20 —443 — I —7.5 
LQ312-24331...5.) 71-05 —1I.20 — 429 +13 —4.5 
LOM 72=204-2y.e600| tet Doe —0.19 = 2o +14 = O10 
28TT 7-24.33 7.0 e130 Oye +275 — 9 —4.0 
28291-20701....| —+1.61 +1.65 +647 Seite —3.5 
2OLIg 204 Oost Meat tag Sate +650 —13 —— 2 
28292-207Q2....| 1.61 +1.65 +641 + 5 —3-5 


$13.31 Mot 4.51T=+5054 wm =+ 9.3=+0%015+0"004 
+ 4.51 Me+13.257=+1822 pa=+376.6=+0"614 +0"%004 


Comp. Star| Br. ze y T P.E. 

I f +1/2 +o!ls +0007 =+9"009 
INES) ah bf +4.0 +3.2 —0.005 0.004 
SAU Asa bf +5.9 Ont 0.000 0.006 
A eaten f +1.4 —2.6 ©.000 0.009 
Is bf —4.1 —3.2 ©.000 0.003 
Nn bf —4.0 —1.4 —0.003 0.004 
7 f —2.6 0.0 ©.000 ©.007 
Seabee f —1.5 303 +0.602 0.007 
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STELLAR PARALLAXES 


Boss 304 a=r144o™308 6=63°22’ 

Pl. No. Date t Obs. Qy p m Remarks 

19331--|1918 Sept. 5 of0 | vM g |+o0.657 |+3.68 

19332. - 5 | 4.0.) H fg |+0.657 |+3.68 

2054r.. Nov. 26 |+ 1.2 H f |—0.549 |+3.91 | 20™ exp. 

2080. . DSCs 270 =>, S50; eek fg |—o.850 |+3.99 

20802. . 27 |+ 9.2 | vM fg |—o.850 |+3.99 

2096r. . 28) |— 3.0), a fg |—o.856 |+3.99 

20962. . 28 |+ 1.0] vM { |—0.856 |+3.99 

2319x..{t919 Aug. 18 |+ 1.0 | Hum g |+0.834 |+4.63 

23102. . 18 |+ 5.0 B g |+0.834 |+4.63 

23603... Septer7, |——1-7 | 3B g |+o.s5r1r |+4.72 

23632. . 17 I+ 3.0 | Hum g |+o.sr1 |+4.72 

2434:.. Nov. 15 |— 2.0 | vM fg |—o0.395 |+4.88 

24342... 15 |+ 2.2 | Hum fg |—o.395 |+4.88 

2528...j1920 Jan. 15 |+10.0| vM fg |—o.916 |+5.04 

2830... Aug. 19 |+ 1.5 H fg |+o.820 |+5.64 | Trail 

2843... 20 |+ 6.5 H g |+o.812 |+5.64 

Mor.-Ev. Ap Am M v At 

23631-2434" ...| -+0.91 —o.16 +18} + 8 | +093 
10333-20004 2.<)) 71.52 —0.31 — 2 — 3 +3.0 
22191-20007 .5c|) 4-1 ..00 +0.64 +345 — 2 0.0 
2830 -2054:...|. +137 +1.73 +710 +4 | +0.3 
23632-24347 ...| —-+0.91 —o.16 = Ey —44 +o.8 
19332-20801 ...| +1.51 —0.31 a 2h | Pee aso) 
23192-20802...| +1.68 +0.64 +331 =u Ane 
2843 -2528....] +1.73 +o.60 +351 +15 —3.5 


+4.43 Mat 4.33 7=1+1868 
+4.33 Ma t16.777= +2736 


w =+ 72.6=+07118 £0%007 
Pa=+350.7=+07572 +0014 


Comp. Star Br 
ede ee: f 
one f 
aga er 
oe ae 
oe: bf 


Iol 


C7 y w 
+08 +5‘9 —o" 
+3-4 +2.5 +o. 
+6.6 —2 1 —O. 
apse) —4.9 +o. 
—4.4 —6.5 —o. 
Oe —9.3 athe 
—1.8 one ares 
—0.3 +1.9 +o 


10 ADRIAAN VAN MAANEN 


Boss 500=Bu 1141 a=2h6m578 6=+50°36’ 


Pl. No. Date t Obs. Qy p ™m Remarks 
1934:..|1918 Sept. § |-- 3:5 | vM g |+o.739 |+3.68 
19342. - SAPS ie fg |+0.739 |+3.68 
2061:.. Dec. 9 |+ 1.0| vM fg |—0.633 |+3.94 
2081 27 |\+ 8.5 H fg |—o.812 |+3.99 
20812. . 27 |+12.5 | vM fg |—o.812 |+3.99 
2110...|1919 Jan. 23 |+10.2 | vM fg |—0.925 |+4.07 | 20™ exp. 
27 Bin ae 25 |t11.0 | vM fg |—o.925 |+4.07 
2336r. . Aug. 20 |— 2.0| B fg |+0.876 |+4.64 
23362. . 20 |+ 2.0| H fg |+0.876 |+4.64 
2342... Septars. |store onus g |+o.631 |+4.71 
2343. - ES Se Toute g |+o.631 |+4.71 
2353r-- 16 |— 2.0] B fg |+o.619 |+4.71 
23532. - 16 |— 2.0| H fg |+o0.619 |+4.71 
2480:.. Dec. 15 |—10.5 | vM fg |—0.697 |+4.96 | 20™exp. 
24802. Oe LG bad or, H fg |—o.697 |+4.96 | 20 exp. Trail 
2502.. “17 |— 6.2 H gas |—o.718 |+4.96 
Mor.-Ev Ap Am M r) At 
23361-2480: ...| -+1.57 —0.32 — 65 ° +825 
23531-2502....| +1.34 —0.25 — 66 —17 +4.2 
2342 —2061....| --1.26 +0.77 +154 Sih 0.0 
23302-20811 ...| +1.69 +0.65 +179 +16 —6.5 
2353720 1L Omer. eayahS 4. +o0.64 +167 + 8 —8.2 
19341-24892 ...| +1.44 —1.28 — 296 —- 7 +8.2 
2343 —2131....| -+1.56 +0.64 +165 + 6 —5.3 
10342-20812 ...| —-+1.55 —0.31 — 42 +20 —5.0 
+3.73M@at 0.907=+877 aw =+ 6.6=+0%o11 +0700 5 
+0790 Ma+17.987= +330 Ma=+233.5=+07381 +olo1L 


The roMz companion which is not physically connected with Boss 500 is Com- 
parison Star 1. 


Comp. Star} Br. x y Ce PE. 

i roe b +e2!r +0/8 +07o009 +0009 
Di enaneats f nO —o.8 =O1013 0.007 
8 Paranewaius f —1.4 —2.3 +o0.001 ©.009 
Plpten yond 2 bf —I.4 —1.4 +o.016 0.007 
Suttons bf —=- TQ) —0.7 —0o.012 0.010 
Tietanyaton f —o0.8 +1.9 —0.001 0.008 
Vie f +1.4 +2.6 0.000 =0.003 
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STELLAR PARALLAXES ok 


Boss 654=Bu 1471 a=2h47m248 5=+37°56’ 


Pl. No. Date t Obs. Qy p m Remarks 
19471..|1918 Sept. 28 |— 2°5 | H fg |+0.606 |+3.75 | Clouds, 20™ exp. 
19472-. 28 |+ 4.0] vM fg |+0.604 |+3.75 | Clouds, 25™ exp. 
TORQ". 29 |—13.5s|} vM fg |+0.592 |+3.75 | Hazy, 25™ exp. 
OOS... Oct. 13 |+ 2.0] vM & |+0.394 |+3.79 | Clouds, 25™ exp. 
2098;. . Wee 28 Nake: | ed fg |—o.741 |+3.99 
20982. . 28 |+ 5.2| vM fg |—o.741 |+3.99 
211Iz../1919 Jan. 23 |+ 6.7 H fg |—o.922 |+4.07 
2 23) | 10 Oni Vai fg |—o0.922 |+4.07 
OT 22... 25 |+ 6.7 | Hum f |—0.927 |+4.07 
25205: 25 |+11.0 | vM f{ |—0.927 |+4.07 
2TA53.% 26 |+ 2.2] vM fg |—o.930 |+4.07 
STAs. 26 |+ 6.2 | vM fg |—o0.930 |+4.07 
2344... Sept. t5 |+ 3.0 B g |+o.758 |+4.71 
BSAC T5 |+ 8.0 H +0.758 |+4.71 
2364... 17 |— 1.5 | Hum fg |+0.737 |+4.72 
2378 .. Oct. 17 |-+ 9.0 | Hum g |+0.335 |+4.80 | 20™ exp. Trail 
Mor.-Ev. Ap Am M r) At 
1952-2008: ...]| --1I.33 —0.24 —35 —58 —14°7 
10471-2145: ...| --1.54 —0.32 +32 +4 — 4.7 
2364-20982 ...| +1.48 +0.73 ° 2 = (57) 
1965 —21452...| -+1.32 —o.28 +44 +21 — 4.2 
2344 —-211%;...| +1.68 +0.64 +51 +26 — 3.7 
10472-21321 ...| 1.53 —0.32 +46 Sykes ||) > sty 
2345 —211I2...{| -+1.68 +0.64 +36 +11 — 3.0 
2370 —203 2st es|) iol. 20 Ow + 4 —13 — 2.0 
+2.22Me+ 2.497=+ 30 mw =+16.7=+0%027 +0009 
+2.49Met17.647=+281 Ma=— 5.2=—07008 £07025 


The principal star is a close double, with components about o72 distant; the 
images are all elongated and therefore difficult to measure. 

The 1oMo companion, being covered by the sector, does not show measurable 
images on the plates. 


Comp. Star} Br. x y 7 P.E. 

| ae Ara f +o0!7 +015 —ofo1l 07007 
2 a hecas bf +1.5 +2.7 —0.002 0.003 
Benner u +4.3 +o.1 +0.007 0.008 
eee ee bf 0.0 —2.6 +o0.002 0.007 
Gena ais ue b —0.4 —5.6 —0.002 0.004 
Ol; aeons f —2.3 —I.1 +o.o0o1 2.006 
hg Ree bf —4.1 +2.3 +0.004 0.006 
Die ae eae f —1.9 +3.6 0.000 =0.005 


ADRIAAN VAN MAANEN 


I2 

Boss 862=Bu 1854 a=3540™128 6=+41°9' : 
Pl. No. Date t Obs. Qy p m Remarks 
209091. .|1918 Dec. 28 |— 2°0| H g |—0.603 |+3.99 
20002. . 28 |+ 2.0] vM fg |—0.603 |+3.99 
2133:../1919 Jan. 25 |+ 3.7 | Hum f |—o0.884 |+4.07 
21332. - 25 |+ 8.2 | vM fg |—o.884 |+4.07 a ¢ 
2346... Sept. 15 |-+ 1.0 B g |+o0.887 |+4.71 . 
23051. . 17 |—10.0 B fg |+0.873 |+4.72 j 
23052.. 17 |— 6.0 B g |+0.873 |+4.72 ‘ 
23011. . Oct. 18 |—11.7 | vM fg |+o.525 |+4.80 . 
23012. . 18 |— 8.0] vM fg |+o.525 |+4.80 : 
24051. . 1g |—10.7 | vM fg > |--o. 5rr |--45.80 
24052. . 19 |— 7.0| vM fg |+o.511 |+4.80 
2425... 20 |+14.0 H g |+o0.495 |+4.81 
24911. . Dec. 15 |— 6.5 | vM fg |!—o.413 |+4.96 | Thick, 20™ exp. 
24012. - 15 |— 1.5 H fg |—o0.413 |+4.96 | Thick, 20 exp. 
25041... “7 |—15.5 | H g |—0.443 |+4.96 | Thick, 20 exp. 
25042. . 17 |—10.2 | vM fg |—0.443 |+4.96 | Thick, 20™ exp. 

M P) 

Bion Ey: Ap Am (Gon | eat Meo eee At ) 
2301x-2504r...... +0.97 | —o.16 + 1 + 4 +9 +11 +3°8 
24051-25042...... +0.95 | —o.16 —- § aio Ss + 2 —0.5 
2365:-2401x...... +1.29 | —0.24 — 4! — 33 —22 —I15 —3.5 
23912-24012...... 1-0). (== Ont Orie Oh |i Te tani mes =Or8 
24052-20001... sPisit | “Fo. S2 |) 398.) 1-435 aero. ae =§5.0 
23652-200Qz2...... 1.48 | =--0.73 +308 +300 —2 —24 —8.0 
2340) =21 337000 « +1.77 | +0.64 ]> +297 +322 + 3 +14 —2.7 
ADK oes tee +1.38 | +0:74 +298 +330 —II + 8 +5.8 

+2.29 Mat 3.367=+ 12 + 7053 
+3.36 Ma+12.837=+1708 6802) +1789 (comp) 


Vcomp.) { 


wT =+ 46.8=+0%076 +0005 
(862) u uv 
Ma=+329.6=+07537 +0%013 
Comp. Star Br. x 
ftps Ly f +o!7 
BY b +5.6 
Reed oie ff +1.5 
4.. ff 0.0 
5-- f — Ee 
ORR nee f Hing 
bie bf —1.8 
Saree eee f —0.7 
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HNnNaPO HH 


tt 


099909000 


tt 


mw =+ 49. =+0"7081 +0006 
Ma=+343.5=+0"560+0"013 


ne 


STELLAR PARALLAXES 13 


Anonymous a=4hsgmryzs 8=+309°r3' 


Pl. No. Date t Obs. Qy p m Remarks 


2408:..|1919 Oct. 19 | +2° 


Le) 

24082. . 19} +6.%7| H g \(+0.747 |+4.80 

24261. . Prov) cotta dl Saul © 10.735) |-4.80 

24262. . 20/+5.7| H vg |+o.735 |+4.8r | Trail of Boss 1182 

2532r..j1920 Jan. 15 | —1I.0 H fg |—o0.627 |+5.04 | 20™ exp. 

25322... m5 |+4.5 | vM fg |—0.627 |--5),04,| 20™exp, 

25451.. 17 | —0.7 H f |—0.653 |-+5.05 | 25™ exp. 

25452.. 17 | +6.0| vM fg j—0.653 |+5.05 | 25™ exp. 

2558:.. Feb. 11 | +3.7 | H g |—o.904 |+5.12 

25582. . P| Salvin g |—0.904 |+5.12 

2593... £2) |i —A as H g |—0.909 |+5.12 

25735. . 12 | —o.5 | vM g |—o.909 |+5.12 

29281. . Oct. 4 | —7.0| vM g |+0.886 |+5.76 

29282. . 4) —2.5 H g |+0.886 |+5.76 

20451. . 5 8-5 VM le dg O87 8577 

20452. . So 0.5.) g |+o.878 |+5.77 

Mor.-Ev. Ap Am M v At 

2928:-2573:....| —+1.80 +0.64 +163 | +17 —2°5 
204525321 ESL Ons +157 = YF ahs 
20255—25A ore Es 54: +0. 71 +152 — 8 =—1.8 
290452-25732----| 1-70 +0.65 ari || = 33 || Spit 
2426;-2558:....| —+1.64 —0.31 — 58 — 3 ee 
2408:-25322....| —--1.37 —0.24 — 43 —- I —2.5 
BA2ZO F-25451 O —0.24 — 73 —31 —0.3 
24082-25582....| —+1.65 —Ong2 — 31 + 26 — Ta 


+2.18me+ 2.807=+477 wg =+ 6.3=+07%010+0%005 
+2.80 fet20.317=+718 Pa=+210.7=+01343 +0015 


Comp. Star Br. x y 7 P.E. 

Teecetres f +1/5 +2'5 +0002 07007 
Benewete: f +2.9 +3.2 +0.013 0.006 
ienoe sere bf +5.5 —1I.0 —0.013 0.007 
Teese iene b -++1.9 —3.8 —o.008 0.003 
Re ase b 0.0 —3.2 +0.024 ©.005 
Ome sic sf —6.3 —o.1 —o.006 0.004 
TiS bf —5.2 +2.3 +o.0o1 0.005 
ore f —1I.0 +0.8 —0.015 +0.008 
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14 ADRIAAN VAN MAANEN 


RX Aurigae  a=4%54™28° = 6 = + 39°49’ 


Pl. No. Date t Obs. Qy P m Remarks 

1992...|1918 Oct. 27 |—13°0 | vM fg |+0.648 |+3.82 | 20™ exp. 

2015:.. 29 |—11.0 | vM g |t+o.621 |+3.83 

20152. . 29 |— 6.5) H g |+o.621 |+3.83 

2045 .. Nov. 11 |— 4.0 | vM fg |+0.431 |+3.87 

2148,..lr919 Jan. 26 |+ 6.2 | vM f |—0.759 |+4.07 | 20™ exp 

21482... 26 |+11.2 | Hum f |—0.759 |+4.07 | 20™ exp. 

2158... Feb, 21 |+ 1.5 | vM fg |—0.957 |+4.15 

21552... 200) tw Ole |e & |—0.957 |+4.15 

2556 ..|t920 Feb. 11 |—12.0 | vM g |—o.9g02 |+5.12 

2557. Ir |— 6.7 H g |—o.902 |+5.12 

25572.. Ir |— 3.0] vM g |—o.9o2 |+5.12 

2572... 12 |—10.0} vM fg |—o.g1r |+5 12 

2020:.. Oct. 4 |+ 4.0] vM g |+0.888 |+5.76 ; 

29202. . 4 \+ 8.5 H g |+0.888 |+5.76 | Trail of Boss 1182 

2946x. . » 5 |+ 6.0] vM g |+o.880 |+5.77 

29462. . 5 |+10.2 H g |+0.880 |+5.77 

Mor.-Ev. Ap Am M v At 
1992 -2556....| —+1.55 —1.30 —II — 8 | —1%0 
ZOU SH 2572 ae fatrS —1.20 +7 +10 —1.0 
20152-25571... hl 52 —=T/i29 — 2 + I +o.2 
2BOAS|=255 7a iia bes ceria 2, lo! =e —1.0 
29201-21551....| —+1.85 +1.61 +9 +7 +2.5 
290461-21552....| +1.84 +1.62 +35 +33 —0.2 
29202-2148r....)| —+1.65 +1.69 23 2 Can ete 
29462-21482....| +1.64 a0 ZO —17 —I9 —1.0 
+17.53 Mat 3.903 7=+25 =—0.7=—o0%001 £0%005 
+ 3.93 Mat21.047=— 9 Ma=+1.6=-+07003 £0%005 

Comp. Star| Br. « y 7 P.E. 
I bf +0!7 +4!7 +o"o16 07007 
2 bf +5.2 +1.5 —0.013 0.007 
3 f 3.7 —o0.8 +0.002 0.004 
4 b +3.8 —5.2 +0.007 0.006 
Lion eis f =3.6 —2.4 —0.O1I 0.008 
Osolehine i —3.4 —o.I 0.008 ©.009 
een eNe Re bf —4.1 +0.5 +0.008 0,005 
Sane f —3.2 +3.7 —0.0o16 +0.008 
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STELLAR PARALLAXES 15 
N.G.C 2022 a=5536™378 5=+0°2! 


Pl. No. Date 


t Obs. Qy ? m Remarks 
1598...]1917 Nov. 7 |— 082 H g |+o.629]+2.85 
1614... 8 |— 5.0 H g |+o.615|+2.86 
TOKs:.. 8 |+ 3.2] * vM fg |+o0.615/+2.86 
1686;../1918 Feb. 2 |— 0.5 vM fg |—0.741/+3.09 
16862. . 2 i+ 8.2 H f |—0.741|+3.09 | Hazy 
70S. 3 |+14.5 vM & |—0.754|+3.10 | Thick, 40™ exp. 
1723r.. 7A a = Kea H fg |—o.764/+3.10 
17232... 4 |+ 8.7 vM fg |—o.764/+3.10 | Hazy 
2ORT. 4 Nov. 10 |— 8.0 H g |+0.590/+3.86 
2114.../1919 Jan. 23 |+ 2.0/ Hand vM f |—0.624|/+4.07 | 40™ exp. 
Riese 23 |+12.5} Hand vM fg |—o0.624/+4.07 | 40™ exp. 
2140... 26 |+10.7} vM and Hum f |—0.650/+4.07 | 40™ exp. 
2381... Oct. 17 |+ 6.7} vMandHum| fg |+0.868/+4.80 | 50™ exp. 
2305... 18 |+ 8.2 H fg |+0.860}+4.80 | 40™ exp. 
2400... 19 |+ 3.7 vM g |+o.850/+4.80 | Trail of Boss 1404 
2428... 20 |+14.2 H fg |+o0.841!+4.81 
Mor.-Ev. Ap Am M v At 
203I—2T14.....] -Fr.2T —0.21 +15 +9 —10°0 
1614-1686;....| +1.36 —=0,.23 —9 05 —' 4.5 
1598-1723:....| +1.39 —0.25 ° — 7 — 0.7 
T6r§—16862....) 1.36 —0.23 +15 +9 | — 5.0 
2409-17232....] 1.61 +1.70 +4 — 5 — 5.0 
2381-2149.....| —-+1.52 +0. 73 +22 +14 — 3.0 
2395-2115.....| +1.48 0.73 + 5 — 3 — 4.3 
2428-1705.....| +1.60 --1.71 + 7 — 2 — 0.3 
+7.07 wet 6.457=+35 w =+4.7=+0%008 07004 
+6.45 Mot16.747=+83 Ba=+0.7=-+0%001 +0%005 
Comp. Star} Br. x y cy P.E. 
ie ene f +1/o +1'4 +o"o15 +o"o11 
Becta f +2.3 +2.6 —0.009 0.008 
Beam eyers f +4.5 1.0 +0.001 0.008 
ih seve tsises f +1.6 —3.2 —0.009 0.008 
(cette f +1.0 —2.5 +0.015 ©.009 
hamocae f —0.4 =A —0.013 0.006 
| easneie f —2.5 —2.6 +o.009 0.008 
Biers cers f —3.6 —2.1 —0,003 0,012 
Oe Diesen f —3.3 +1. —0.010 0.011 
TOVenovE f —2.5 +4.3 +0.007 = 0.007 
ee eee 
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18 ADRIAAN VAN MAANEN 
Boss 3145 a=irbs7™24® 6 =+43°39' 
Pl. No. Date t Obs. Qy ? m 
2t97x..|1919 Apr. 2z |+ 222] H fg |—o.482 |+4.31 
21072. - 2r |+ 6.0} vM fg |—o0.482 |+4.31 
2208;. . 22 |— 2.0] vM fg |—o.495 |+4.31 
22082. . Pe hay pille eel fg |—o.495 |+4.31 
BEZOr 11O20) Janey TS age se eel f |+o0.814 |+5.04 
25302. - 15 |+ 2.7| vM fg |+o.814 |+5.04 
25671. . Feb. 11 |—15.7| H g |to.547 |+5.12 
25072. . Ir |—12.0 | vM g |+0.547 |+5.12 
2580r. . 12 |—18.5| H fg |+0.534 |-+5.12 
25802. . 12 |—12.0 | vM g_ |+o0.534 |+5.12 
2506x. . 13 |+ 9.7 | vM g |-+0.52r |-+5.12 
25902. . 13 |+14.0| H g |+o.52r |+5.12 
20531. - Apr. 25 |— 9.0 | vM g |—0.545 |+5.32 
26532. - 25 |— 5.0| H @ |-0.545 |--5-32 
2664... May 14 |— 5.5 | vM fg |—0.755 |+5.37 
Ase < 15 |j— 6.5 | vM fg |—o.764 |+5.38 
Mor.-Ev. Ap Am M v 
2580:-2653:....| —-+1.08 —0.20 + 32 ° 
2507s-207 7s al ate L —o.26 + 48 + 6 
25802-2664....} -+1.29 Ones + 40 — I 
25672-20532....| —-+-1.00 —0.20 + 22 —I10 
2530x-2208:....| —--1.31 +0.73 —168 — 8 
25302-2107x.-.-| —+-1-30 +0.73 —138 +22 
250961-22082....| —-+-1.02 +0.81 —200 | —27 
25062-21972....| —+1.00 +o.81 —161 +12 
+2.50mMet+ 2.457=—548 T= 


+2.45M@oe+I1.19T=—590 


Comp. Star 


Br. 


Teh eh ere Re 


Remarks 


Hazy, 20™ exp. 
Hazy, 20™ exp. 
20™ exp. 
20™ exp. 


Trail 


At 


9-5 
—9.2 
—6.5 
—7.0 
—0.5 
+0.5 
+6.0 
+8.0 


8.1=—07013 07006 
Ha=— 203.9= —07332+0"%012 


+o. 


+0013 
005 
O14 


008 
005 


.O17 


IIo 


STELLAR PARALLAXES 


19 
N.G.C. 4051 a=rrhs8m7s 5=+45°6' 

Pl. No. Date t Obs. Qy p m Remarks 

1714.../1918 Feb. 3 |— 8°0 | vM g |+0.639 |+3.10 

1767 May 3|+ 34] H ¥ |—0.634'|-F3.34 

17672 3 |+ 8.0] vM g |—0.634 |+3.34 

1768. 3 |+12.2 H g |—0.634 |-+3.34 

1781 4/— 3-5 | vM fg |—0.646 |+3.34 | 25™ exp. 

17812 4\|+ 3-7| H fg |—0.646 |+3.34 | 25™ exp. 

2004r. .| Dec. 27 |— 6.0 | vM g& |+o.895 |+3.99 ; 

20042 27 \ econ OLE g |+0.805 |+3.99 

2526r../I920 Jan. 14|/— 2.2] H fg |+0.822 |+5.04 

25262 4 |---2:0'| vM fg |+0o.822 |+5.04 

2508: Feb. 11 |— 5.5| H g |t+o.548 |+5.12 

25682 Ir /— 1.5 | vM g |+o.548 |+5.12 

2582. 12 |+10.7 H g |+0.536 |+5.12 

2654: Apr. 25 |-+ 2.2 | vM fg |—0.544 |+5.32 

26542 25 |+ 6.7} H |. fg |—o.544 |+5.32 | Trail of Boss 3145 

2065... May 14-|+ 1.2 | H = On7 535 e557 

Mor.-Ev. Ap Am M v At 
1714 -1781x....| —-+1.29 —0.24 —32 —34 | —4%5 
2094:-2665....| —+1.65 =1.38 +18 +10 —7.2 
2568:-2654:....| —+1.09 —0.20 5 + 3 iT) 
2520:-1767:....| +1.46 -+-1.70 —I0 — 3 —5.9 
20042-17812....| +1.54 +0.65 +22 +24 —5.7 
25682-20542....| —-+1.09 —0.20 Al — 6 —8.2 
25262-17672....| —+1.46 +1.70 — 8 -—1 —6.0 
2552—-T708..2.) =7-r217. +1.78 II — 3 —1.5 
+11.41 Mat 5.01IT=—54 wT =+0.6=+0"001 £07005 
+ 5.01 we+14.767=—16 Pa=—5.0=—0%008 +0%006 

Comp. Star Br % y 7 P.E. 
sie cee fi +0'7 +3/8 0” 000 +07006 
iS ae f +2.5 +1.2 —0.031 0.008 
CS AGE f +5.-1 —o.1 +0.019 0.006 
Tees aT f 45 —8.6 —0.005 0.006 
Cem ode b —2.2 —0.7 +0.036 0.015 
Ooi: f —4.8 —o0.8 —o.018 0.007 
TORE SEOE f —6.9 +3.6 0.000 +0.010 


ee 


18 ADRIAAN VAN MAANEN 


Boss 3145 9 a=11457™24* = 6 = + 43°30’ 


Pl. No. Date t Obs. Qy ? m Remarks 

21Q07x. .|IQI Apr. 21 |+ 2°2 B fg |—o0.482 |+4.31 

boi sie : 2x |+ 6.0] vM fg |—o0.482 |+4.31 

2208;. . 22 |— 2.0] vM fg |—o.495 |+4.31 | Hazy, 20™ exp. 

22082. . PP Al sha ey fl Me fg |—o0.495 |+4.31 | Hazy, 20™ exp. 

2630;..|1920 Jan. 15 |— 2.5 | H f |+o0.814 |+5.04 | 20™ exp. 

25302. - 15 |+ 2.7] vM fg |+o.814 |+5.04 | 20™ exp. 

25671. . Feb. 11 |—15.7] H g |+o.547 |+5.12 

25672. . Ir |—12.0 | vM g |--0.547 |+5.12 

2580r. . 12 |—-18.5 | H fg |+0.534 |+5.12 

25802. . 12 |—12.0 | vM & 140353451522 

25061. . 13 |+ 9.7 | vM S—14-0..52r |-4+-5.12 

25962. . 13 |+14.0| H g |-+-o.52r |--5.12 

2053. . Apr. 25 |— 9.0 | vM g |—0.545 |+5.32 A 

26532. - 25|-— 5.0} H g |—o.545 |+5.32 | Trail 

2664... Mayui4 |= $25 VM Wie On 7sS alte eres 

2O7e 15 |— 6.5 | vM fg |—o.764 |+5.38 

Mor.-Ev. Ap Am M v At 
2580:1-2653:....| —+1.08 —0.20 + 32 o | —9°5 
25077-2077 eer —o.26 + 48 + 6 —=@))2 
25802-2604....) —-+1.29 —0.25 + 40 ar —6.5 
25672-26532....| —-+1.00 —0.20 + 22 —I0 —7.0 
25301522001} aie SE +0.73 —168 — 8 —0.5 
25392-21971....| —+1.30 a ROR TE —125 22 +0.5 
2500:-22082....|| a-1.02 +o.81 — 200 —27 +6.0 
25902-21972...-| 41.00 +o.81 —161 +12 +8.0 
+2.590Mat 2.457=—548 qT =— 8.1=—0%013 +0%006 
+2.45Me+I11.197T=—590 a= — 203.9= —07332 +0012 

Comp. Star Br, x y 7 P.E 
aR Se Frege ff +3'0 +5!2 +0017 +07013 
PPE tess f +6.2 +2.3 —0.001 ©.005 
RAE ee ff +6.5 +0.5 —0.010 0.007 
Asp hte f -+1.0 —2.9 —0.004 0.014 
Pca bathe f —1.8 —6.3 0,022 0.008 
Baiada f —6.3 —6.9 +0.019 0.005 
Gone f —6.0 +8.4 —0.022 0.007 
Oct een b —1.9 +2.7 +0.023 +0.017 


IIo 


STELLAR PARALLAXES 1g 


N.G.C. 4051 a=r11h58m78 5=+45°6' 


Pl. No. Date t Obs. Qy p ™m Remarks 

1714...|1918 Feb. 3 |— 8q| vM 8 |+0.639 |+3.10 

1767s. . May 3/7 3:7| H 8 j—0.634 |+3.34 

17672. . 3 |+ 8.0] vM g |—0.634 |+3.34 

1768... 3 |+12.27 H 8 |—0.634 |+3-34 

I78ir.. 4 |— 3.5 | vM fg |—0.646 |+3.34 | 25™ exp. 

Gia. « aos 3.7 H fg |—0.646 |+3.34 | 25™ exp. 

2004:.. Dec279|—wOrOamevINl g |+o.895 |+3.99 

20042. . 27 2700 EL. g |+0.895 |+3.99 

2526:..|/1920 Jan. 14 |— 2.2] H fg |+0.822 |+5.04 

25262. . 14 |+ 2.0] vM fg |+o0.822 |+5.04 

2508:.. Feb. 11 |— 5.5 H g |to.548 |+5.12 

25682. . ri |— res4| =v g |to.548 |+5.12 

2582... 12 |+10.7 H g |+0.536 |+5.12 

2054:.. Apr. 25 |+ 2.2] vM fg |—0.544 |+5.32 

20542. . 25 |+ 6.7| H |. fg |—0.544 |+5.32 | Trail of Boss 3145 

2665... May r4-|} 1.2 | HF Wen 7S aesoey 

Mor.-Ev. Ap Am M v At 
I714-1781x....| —-+1.29 —0.24 —32 —34 —425 
20041—2005..<-.| —+-1.05 —1.38 +18 +10 —7.2 
2568:-2654:....| —+1.09 —0.20 = 5 =) 3 —7.7 
2526:-17671....| +-1.46 +1.70 —10 — 3 —5.9 
20042-17812....| +1.54 +0.65 +22 +24 —5.7 
25682-20542....] —+1.09 —0.20 — 4 — 6 —8.2 
2526,-17672....| —-+1.46 +1.70 — 8 — iI —6.0 
25825708. .<.|. +-1.17 Sb fs —II SR —1.5 
+11.41Maet+ 5.01T=—54 wr =+0.6=+0"001 £07005 
+ 5.01 Ma+14.767=—16 a= —5.0= —0%008 £0"006 

Comp. Star Br. x y 7 P.E. 
Dee f +o!7 +3/8 0” 000 +0"006 
DO te eieos f +2.5 +1.2 —0.031 0.008 
pss Netcer f +5.1 —o.I +0.019 0.006 
Fors ee f +4.5 —8.6 —0.005 0.006 
Gen zics aor b —2.2 —0.7 +0.030 0.015 
ONES aes i —4.8 —o.8 —o.o18 0.007 
mae f —6.9 +3.6 0.000 +0.010 


DEL 


ADRIAAN VAN MAANEN 


20 
Boss 3322, a=i2'4go™24® = 6 = + 45°58’ 

Pl. No. Date t Obs. Qy p m Remarks 

1752x../1918 May 2 8°2 | vM fg |—0.476 |+3.34 | Clouds, 25™ exp. 

17522 2) meee fg |—0.476 |+3.34 | Hazy, 20™ exp. 

1784. 31 |+ 1.0| vM fg |—0o.797 |+3.42 

1798. June 1 |+ 2.0] vM fg |—o.807 |+3.42 

2122:../1919 Jan. 23 |— 9.0} vM fg |+0.838 |+4.07 

21222 23 |— 4.5 H fg |+0.838 |+4.07 

2142. 25 |— 0.7 | vM f |+0.830 |+4.07 

2162.. Feb. 21 |+ 1.0 | vM fg |+0.566 |+4.15 

2570:..|1920 Feb. 12 |+ 5.5 H fg |+0.681 |+5.12 

25702 iz |+10.0 | vM g |+0.68r |+5.12 

2583. 12 /+ 6.5 | vM fg |+0.673 |+5.12 

2607. 14 |—12.2 | vM g |+o.651 |+5.13 

2667s May 14 |+ 8.2 | vM fg |—0.634 |+5.37 

26672 WIAD | aI2 as H Z |—0.634 |+5.37 

26781 I5 |—I11.0 H g |—0.644 |+5.37 

26782 15 |— 7.0| vM g |—0.644 |+5.37 | Trail 

Mor.-Ev. Ap Am M v At 
2607 -2678;....| +1.29 —0.24 —7 — 5 | —1°2 
21225707 5 Ove ed | wlio Lee —ROwe 13 +14 —o.8 
20225-20792. alee 4o =O + 4 + 8 +2.5 
2142'-17522..22| Es 3t “0.73 a — 1 +0.8 
2102) 87 SA ee eni= tO Ona —I0 — 9 0.0 
2570:-1708....| —-+1.49 970 + 3 + 2 +3.5 
2583 -2067:....| -+1.31 —0.25 —14 —12 —1.7 
25702-26672...) + 1.32 —O725 + 1 3 ee 
+6.35 Mot 2.557=+ 7 T =—1.4=—0%002 07003 


$2.55 po+14.827=—16 Ma=+1.7=+0%003 £0005 


Comp. Star Br. % y T P.E. 

Tope eerniee f +0!4 +6/6 +o"016 +0"007 
Dive eaten f +4.4 +5.1 —0.,017 0.010 
CER a, b +3.6 +1.8 +o0.019 ©.010 
P Nera Perko tt ff +1.9 +o.7 —0.002 0.010 
CS ase ooh b +3.0 —4.3 —o.o16 0.005 
Oscv reir: bf —1.2 —6.9 -+o.01r6 0.007 
WT cishar ates f —6.5 —2.2 —0.001 ©.007 
Bose f —4.1 +o.1) —0.015 +=0.008 


II2 


STELLAR PARALLAXES 


2L 
Boss 3554 a=1342™o8 5=+6°51’ 
Pl. No. Date t Obs. Qy p m Remarks 
2230;../I919 June 4 ofo | vM g |—0.679 |+4.43 
22302. . 4 |+ 4.0 H FF = 07070 |atAn as 
2242:.. 5 |+ r.0| vM fg |—0.690 |+4.43 
2242... 5 |+ 5.2 H fg |—0.690 |+4.43 
2584:..|1920 Feb. 12 |— 1.2 H fg |+0.831 |+-5.12 | 20 exp. 
25842... 12 |+ 5.0| vM fg |+0.831 |+5.12 | 25™ exp. 
BEOW... « 13 1]— 6.5 | vM @ |+0.824 |--5.12 
2600:.. 14 |—-13.5 | vM FN -OnOl7 | sere 
26002. . 14 |— 9.5 | Hum g |+0.817 |+5.13 
2621... Mar. 12 |— 4.0] vM g |+0.534 |-+5.20 
2632:.. ESe|— 235 H fg |+o.501 |+5.2r | 20™ exp. 
20323. 15 |— 8.0} vM fg |+o.sor |+5.21 | 20™ exp. 
2693:. . May 24 |—11.5 | vM g |—0.557 |+5.40 
26932. - 2487 Or |p CEL rg TEXORISGYM |Farisazte) 
2604... 24 |— 3.0] vM fg |—0.557 |+5.40 
BOS onc June 9 |— 2.5 | vM fg |—0.739 |+5.44 | Clouds, 20™ exp. 
Trail 
Mor.-Ev. Ap Am M v At 
2609:-2693:....| —-+1.37 —0.27 +116 +15 —2°0 
26321-26932-...| -+1.06 —0o.19 + 88} -15 —6.5 
260092-2604...:| --I.37 —0.27 + 86 —I5 —6.5 
2622,-2703....|| <-1.24 —0.23 + 68 —I9 = 555 
2507-22303... |, 4-71-50 +0.69 —=TO3 —T7) AD 
2621 22427. el Lee +0.77 — 232 —25 —5.0 
25841-22302....} —+1.50 +0.69 — FAA | 4-35 —5.2 
25842-22422....| —-+1.52 +o0.69 —175 +4 | —o.2 


+2.26 pet 2.847=—619 
+2.84 Mat+14.757=—602 


Comp. Star} Br. x y 

As ae bf +5/5 +4/8 
Cheeta Auleee f +1.6 +2.2 
Ute BOE f +1.5 +0.7 
A oe te f +2.9 0.0 
eae faa jo f —0.4 —5.2 
Overnncae bf —4.5 —2.5 
SOO OCA bf —1.5 —0.4 
SATs eaten f —4.9 +1.4 


mw =+ 15.7=+0%026 +0%007 
Ma=—293.6=—07479 £07019 
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Ze ADRIAAN VAN MAANEN 


N.G.C. 6210 a=16540™188 6=+ 23°50’ 


Pl. No. Date t Obs. | Qy ? m Remarks 

1430r..|1917 June 26 |— 6°5 | vM g |—0.397 |+2.49 

14302. . 26 |— 2.0 H g |—0.397 |+2.49 

I455x.. July 11 |+ 1.2] H fg |—o.613 |+2.53 

I4552-. ir |+ 5.0| vM f —o.613 |+2.53 

1774...j1918 May 3 |— 4.0] vM g |t+o.480 |+3.34 

2201:../1919 Aprilzr |—16.5 | H g |+0.648 |+4.31 

22012. . 21 |—12.0| vM g |+0.648 |+4.31 | Trail of Boss 4262 

2210... 23 |— 2.7 | vM f |+0.623 |+4.31 | Clouds, 20” exp. 

2625...|1920 Mar.12 |— 7.0} vM fg |+0.969 |+5.20 | Hazy, 20™ exp. 

2636... 15 |—10.0| vM f |+0.956 |+5.21 | 20™ exp. 

2648:. . Apr. 12 |+ 0.2 | vM fg |+0.746 |+5.28 

26482. . 12 |+ 4.5 H g |+0.746 |+5.28 

27541... July 8 |—11.7| H fg |—0.576 |+5.52 

27542... 3a ae a. vM fg |—o0.576 |+5.52 

2764r.. 9 |-15.0| vM fg |—o.588 |+5.52 

276042.. hil anweey |b 15 g |—0.588 |+5.52 

Mor.-Ev. Ap Am M 0 At 
2201:-2764:....| —-+-1.24 —1.21 — 23 —o9 | —1°5 
22017-27541. 62 Lae —1.21 — 6 Sr te On 
2030'—27042-.5| phos —0.31 —4 + 2 +1.0 
2025 —27542....| —--1.55 0.32 = am Gs Om 
1774 —1430r....| 0.838 +0.85 —II —17 +255 
2210 —14302....]| —--1.02 +1.82 +12 = & —0.7 
2648:-14551....| +1.36 +2.75 +36 14 —1.0 
26482-14552....| —+1.36 2.75 +18 = Ons 
+ 22.27 Mat 6.13 7=+109 T =—2.1=—0%003 £07003 
+ 6.13 fe+13.317T=+ 31 Ma=+9.5=+0%015 £07003 

Comp. Star} Br. % y © BE: 
Di ceemea bf +1/8 +25 —o%o21 +07008 
Dee b +4.0 +2.3 0.017 0.010 
Ts Bleep bf + 1.2 —2.5 —0.008 O.OII 
7 is os Re f —+-2.2 —5.6 —=0.003 0.012 
Seyret bf —3.4 —3.0 +0.002 0.014 
Osccsctemore f —2.1 -+o.1 +0.0e19 0.010 
Tike areieherats ff —2.5 +2.7 —0.015 0.010 
Suaaewacs ff —0.3 +3.2 +0.005 +0.017 
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STELLAR PARALLAXES 23 


N.G.C. 6543 a=17hs58m328 5=+66°38’ 
ee ee 


Pl. No. Date t Obs Qy ? m Remarks 

1480...j1917 July 29 |+ 8°2| H fg |—o0.608 |+2.58 

14096... Aug. 11 |— 4.54 H g |—o.767 |+2.61 

OTe E2s|—= 37 H vg |—0.778 |+2.62 

2203:..|1919 Apr. 21 |—18.0 | vM fg |+o0.855 |+4.31 

22032. . 2I |—14.0 H fg |+o.855 |+4.31 

2221r.. May 2t |— 1.2] H fg |+o.497 |+4.30 

222I2.. 21 |-+ 3.0 | vM f |+0.497 |+4.30 

2293... July 31 |— 2.0] B fg |—0.628 |+4.58 

2300r. . Aug. 18 |+ 2.0 B g |—0.834 |+4.63 

23002. . 18 |+ 6.7 | Hum g |—0.834 |+4.63 

2673:..{1920 May 14 |— 9.0] vM fg |+o.586 |+5.37 

26732... 14/— 5.0] H fg j+o0.586 |+5.37 | Trail of Boss 4555 

2680:. . 15 |+10.5 | vM vg |-+-0.571 |-+-5).37 

26802. . 15 |+15.0| H g |--0.571 |-+-5-37 

S80r.6. Aug. 6 |— 7.7 | Hum g |—o.713 |+5.60 

2812... 7 |—12.0 | vM fg |—o.724 |+5.60 

Mor.-Ev. | Ap Am M v At 
2203:-2812....| +1.58 —1.29 +20 —18 | —6%o 
22037-2601 a.c-) = 1.57 —1.29 +40 + 2 —6.3 
2673r-1406....| —-+1<35 +2.76 1a SiS — Ara 
26732-1513...-| 1.36 +2.75 Se i a ae © bint So 
22217-2203....| -1.13 —0.19 +43 +22 +o.8 
2225 5-23003.032 1 tk 33 —O.24 +23 = Sp ieat) 
2689:-23002....| —--1.41 +0.74 +32 +13 +3.8 
26892.-1480....] +1.18 +2.79 =e + 2 +6.8 
+26.903 Mat 7.207=— 82 mw =+17.9+0%029 +0004 
+ 7.20 pfat15.067=+213 ba=— 7.8—0%013 07003 

Comp. Star} Br. x y 7 P.E. 
Tot f +1'9 +5'4 —o"o019 =+0”006 
OE ce ne b +3.8 130 0.007 0.006 
Beer re bf +7.1 —0.4 —0.005 0.004 
7 Aas f +4.0 —1.9 +o0.001 0.009 
Pe santosh bf —4.4 —6.9 +0.012 0.010 
Chope eos f —2.6 —3.6 —o.o18 0.009 
L ae bf —§.1 —I.1 —o.016 0.008 
ede Gane bf —2.1 +4.4 +0.003 0.005 
Oye sgeis (2 f —1I.2 +1.8 +0.035 +=0.008 
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24 ADRIAAN VAN MAANEN 
Nova Aquilae No. 3 a=18>43™49% 6=+0°20’ 

Pl. No. Date t Obs. Qy p m Remarks 

1843...|r918 Aug. 1x |—15°5 | Hum g |—o.627 |+3.61 

1856... 12 |— 6.7 | Hum g |—o0.641 |-+3.62 

1870... 13 |— 4.5 | vM fg |—0.653 |+3.62 

1882... Sept. 2 [+ 1.5 | vM fg |—o.871 |+3.67 

2227...\1I919 May 22|— 0.5| H fg |+0.636 |+4.39 | Fog, 18™ exp. 

2236:.. June 4 |—11.0| vM fg |+0.454 |+4.43 

22302. . OU RY i 3! fg |+0.454 |+4.43 

2237... 4|— 2.0| vM fg |+o.454 |+4.43 | Trail 

22401. . Ol pest Ad Wns g |+0.439 |+4.43 

22402. « os Gem rasid pitiless § g |+0.439 |+4.43 

2250r.. 3 0.0 H g |+0.438 |+4.43 

22502.. 5 i+ 4.0] vM g |+0.438 |+4.43 

2320r.. Aug. 20 |— 6.5 B fg |—0.735 |+4.64 

23202. . 20 |— 2.0| H fg |—0.735 |+4.64 

2358:.. Sept.17 |-+ 7.2 B fg |—o.960 |+4.71 

23582. . 17 |+12.2 | Hum] fg |—o.963 |+4.71 

Mor.-Ev. Ap Am M v At 

2236:-1843....| +1.08 +o0.82 +56 +31 +4%5 
2240:-1856....| --1.08 +o.81 + 5 —19 —3.0 
22309-2320:....| ->-1.19 —0.21 + 4 —-7 0.0 
22402-1870....| 1.00 +o.81 +27 + 3 —1.0 
2237 —23202...-| —- I-19 —0.21 +21 +10 0.0 
2227 —1882....| =-1.51 +0.72 +14 —1I4 —2.0 
22501-2358:....| —-+1.40 —o. 28 +16 + 4 —7.2 
22502-23582...-| —-+1.40 —o. 28 +10 — 2 —8.2 


+2.75 Mot 2.457=+ 70 
+2.45 Mot12.577=+181 


Comp. Star 


mw =+11.4=+0!%019 +0006 
Ma=+15.3=+0%025 +o0"012 


x y oi 
+1/8 +512 —o"” 
+6.2 On] +o 
+7.5 —1.2 +o 
+4.1 —6.6 —o 
—3.4 —3.6 —o 
—5-9 = S00! +o 
—5.4 +5.2 +o 
—3.4 +3.8 —o 
—1.2 +3-4 +o 


“O14 
.O31 
-049 
.O14 


.O15 
.QIQ 
.008 
004 
004 


I16 


STELLAR PARALLAXES 


25 
17 Lyrae C=Bu 9053 a=19h3™408 56=+ 32°21’ 
Pl. No. Date t Obs. Qy ? m Remarks 
1923:..|1918 Sept. 5 | —8°0 | vM g |—0.848 |+3.68 
19232.. § | —4if| H fg |—0.848 |+3.68 
2222;../1919 May 21 | —6.0| H f |+0.704 |+4.3 
2222... 21 | —1.0| vM f |+0.704 |+4.39 | Clouds, 20™ exp. 
B228.) June 4] +3.0| vM € |+0.521 |+-4.43 
22382... 4 | -+-7.0.| g |+o0.52r |+4.43 
225Ir.. 5 | +4.7 H g |+0.506 |+4.43 
2257s... 5|+9.0| vM g |+0.506 |+4.43 
2330r. . Aug. 20 | +1.0 B g |—0.677 |+4.64 
23367... 20 | +5.0 H g |—0.677 |+4.64 
2676...J1920 May 14 | +6.2 | vM fg |+o0.775 |+5.3 
2690... 15 | +5.0] vM fg |+o.764 |+5.37 | Trail of 17 Lyrae 
2804r. . Aug. 6 | +4.0] vM g |—0.407 |+5.60 ve 
28042. . 6 | +8.2 | Hum g |—o.497 |+5.60 
OSTSe-s 7 | +o.2! vM fg |—o.511 |+5.60 | Hazy, 20™ exp. 
2821... 19g | +o.2 | vM fg |—0.674 |+5.64 
Mor.-Ev. Ap Am M v At 
2222;-19023:....| —-+1.55 +o.71 +620 —I4 +220 
Z2D2 EQS Se ek SS 0. 7 +677 +43 +322 
2286, -262E. Jel. het —8o1 Size “280 
2251:-2804:....| —- 1.00 1.17 — 789 +17 +0.7 
2690 —2330r....| 1.44 +0.73 +639 2 +4.0 
2676 —23302....] —-+1.45 +0.73 +610 —32 +1.2 
2238,-28042..:.| —-F- 1-02 —I1.17 — 810 — 5 —-1.2 
22512-2815....] —-+1.02 ee To —833 —28 SO? 


+7.63 wa— 0.697=+ 5647 
—0.609 wat13.497=+ 388 


mw =+ 66.9=-+0%109 07008 
Ma=+746.2=+17216+0"010 


Comp. Star Br x y T PE. 

i eae ae ff +1/1 +2/2 +o"o014 +0"006 
ee eee Bia bf +3.3 2.7 +0.003 0.005 
Co eee f +4.8 —1.9 ©.000 0.004 
Cigs Cee f +1.6 —1.4 —0.008 0.008 
Bree ee bf 0.0 —2.2 —0.014 0.009 
One ae f —3.4 —3.7 +o0.015 0.005 
SO aoe f —3.4 +2.5 —0.003 0.010 
Sie: bf —2.5 +1.6 —0.010 0.010 


iaE7) 
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RR. Lyrae a=19222™148 6=+42°36' 


Pl. No. Date t Obs. Qy p m Remarks 

1858:..|1918 Aug. 12 |+ of5 | vM g |—o.508 |+3.62 

1858... z2 1+ 4.7 | Hum g |—o.508 |+3.62 

187Ix.. 13 |— 2.5 | vM fg |—0.523 |+3.62 

18712... 13 J+ 1.5 H fg. |—0.523 |+3.62 

2322...\1919 Aug. 19 0.0 B g |—o.602 |+4.64 

2700;..|1920 May 24 |—11.5 | vM g |+0.714 |+5.40 

27002. . 24 (= 7.9.) Eh fg |+o.714 |+5.40 

2701... 24 |— 3.5 | vM fg |+o.714 |+5.40 

Oy RL June 9 |+ 2.5 | vM fg |+o.504 |+5.44 | 207 exp. 

271I2.. git+to.0| H fg |+o.503 |+5.44 | 25™ exp. 

ORR Ete S45 |e £ |+0.474 |+5.45 

27372. - TL O59) |) EL f£ |+0.474 |+5.45 

2738... Ir |+14.0 | vM fg |+0.474 |+5.45 

2750x.. 12 |+ 0.7 H fg |+0.460 |+5.45 

27502. . 12 |+ 5.5 | vM fg |+o.460 |+5.45 

2820... Aug. 19 |—14.0 | vM g |—o.611 |+5.64 

2822... 1o|-+-. 3.2) | g |—o.612 |+5.64 | Trail of 17 Lyrae 

2833..- 20 |+ 0.7 H fg |—o.625 |+5.64 

2847... 2r |-+ 5:5 | vM fg |—0.638 |+5.64 

2801... Sept. 9 |— 5.2] H g |—0.847 |+5.69 

Mor.-Ev. Ap Am M v At 

2700;-2820....| +1.33 —0.24 +19} — 4 | +225 
2700,-2891....| —-+1.56 —0.29 + 26 ° 7 
2701 ~18711....| + 1.24 +1.78 —107 +19 =—1.0 
2750r-2322....| —+1.06 +o.81 — 39 — 34 +0.7 
271Ixy-1858:....| 1.01 +1.82 —II5 = pls +2.0 
27S Or 2533 ae alias Le OO =O 50 + 22 + 4 +4.8 
273 fra 87 Eascie all aicate OO qo sgt) | > GP SA 
27s 20220 ia| est Lett —0.20 Sr Ks) =a EO mello bie 
27372-18582....| +0.98 +1.83 —142 —II +5.0 
2738 -2847....| 1.11 —0.19 +40 | 4-22 = Onis 


+14.10 fat 7.127=—1007 wT =+ 3.4=+0"006 +0006 
+ 7.12 Mat13.497=— 474 a= —73.1=—0"119 =0"006 


Comp. Star Br. a y . PE: 

sn f +0/3 +1'4 —o"o21 +0010 
Oe eee bf +0.5 +3.8 +o.021 ©.OIL 
Epes Sat ae f aoe O Seo ©.000 ©.009 
ARE hee f +3.3 +0.4 —O.OLL ©.006 
Bieta eeaveGnes f +o0.7 —4.8 +o.o12 0.010 
Gaseous fh —1.9 —3.8 +0.006 0.008 
7st ALA f —0.7 —1.6 —0.003 ©.008 
Sia oot f —4.4 —0.3 —0.012 0.004 
Quactitsrae i f —3.2 +2.7 +o0.010 +0.007 


Pl. No. 


IQ25r.. 
I1Q252.. 
2223:.. 
oie an 
2230:.. 
22302. . 
pL ae 
2202... 
231I:.. 
2ST Ts. 
2347x.- - 
23472... 
2382:.. 
23822. . 
2702:.. 
27022... 
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B.D.+30° 3639 a=19530™548 6= + 30°18’ 
Date t Obs. Qy p m Remarks 
t918 Sept. 5 |+ s°7 | vM g |—0.778 |+3.68 
+10.0%| H g |—o0.778 |+3.68 
to1g May 2 |— 0.7 H { |+o0.777 |+4.39 
2r |j+ 3.5 | vM pf |+o.777 |+4.39 
June 4 /+ 6.5 | vM g |+o.611 |+4.43 
4 i--70.7 | fg |+o.611 |+4.43 
Ye Geo ed als | g |+0.598 |+4.43 
19 |— 5.0| vM 8 |+0.397 |+4.47 
Aug. 18 |+ 5.0 B g |—0.550 |+4.63 
18 |+ 9.0] B g |—0.559 |+4.63 
Sept.16 |— 5.0] B gas |—0.877 |+4.71 
16|— r.0| H fg |—0.877 |+4.71 
Oct. 18 |+11.5 | vM fg |—o.982 |+4.80 
18 |+15.7| H f |—o.982 |+4.80 | Trail of Boss 5000 
1920 May 24 |+ o.5 H fg |+o.748 |+5.40 
24 |+ 4.5 | vM £ |+0.748 |+5.40 
Mor.-Ev. Ap Am M v At 
220 TOF Aye cee || et bo —0, 24 +25 +25 020 
2223:-23472...-| —-+1.65 —0.32 +38 +38 +0.3 
2702528 T Ire. see sk +0.77 +21 + 6 —4.5 
22237-102515.5-| £350 +0.71 —2I1 — 36 —2.2 
27023-231I2....| —-+I.31 +0.77 +9 — 6 —405 
22301-19252....| +1.39 +0.75 +48 +33 3 ENG, 
2252 288 2ree| ci 55 O37) =—42 —42 —2.8 
22207-2802s.4 04 ESO —0.37 —II —It —5.0 


+2.68 uve+ 2.177=+46 
+2.17 uat17.167=+86 


w =+ 3.2=+07005 £0"009 
Pa=+14.6=+0%024 £01023 


Comp. Star Br. x y 6 

on ee f +3'6 +2'7 —o"013 
es Cea eee f +1.6 +0.3 +0.015 
ce oe Saeee f +1.8 —0.5 —0.022 
7 ls ee nee ff +2.3 —3.0 +o0,.028 
oe OLE f —0.7 —2.3 —0.001 
(ih at f —2.1 —1.8 —0.025 
Woda ieee f —1.6 —I.1 -+-0.001 
SD tre een bf —4.0 +2.1 +o.012 
Omens f —1.9 +4.4 +0.007 


LE 
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, 


Pi. 222214 a=22540™548 6=+209°54 
Pl. No. Date t Obs. Qy p m Remarks 
20211. .|1918 Nov. 10 |—12°0 | vM g |—o0.856 |+3.86 
20212. . 10 |— 8.0| H fg |—o0.858 |+3.86 
2OsS a II |— 1.2 H fg |—o.861 |+3.87 
BOS Tas 26 |+ 9.2 | vM f |—o0.909 |+3.91 
2298:../t919 July 31 |+ 3.0] B g |+o0.481 |+4.58 
22982. . gr |+ 7.0) g |+o.481 |+4.58 
2307... Sept. 25 |— 9.5 | vM fg |—0.367 |+4.74 
2762;..|1920 July 8 |—10.0} vM g |t+o.743 |+5.52 
27O27a0 8 |— 6.0 H g |+0.743 |+5.52 
27731. - 9 9:0F) VM g |+0.733 |+5-52 
27732. . 9 BO |: EL & |+0.733 |+5.52 
28071. . Aug. 6 |— 9.0] vM g |+o.388 |+5.60 
28072... 6 |— 4.2 | Hum g |+0.388 |+5.60 
2020:.. Oct. 4 |— 5.2)| gas |—o.503 |+5.76 
20202. . S48 | een ive fg |—o.504 |+5.76 
2930... 5 |— 1.0 | vM fg |—o.516 |+5.77 
Mor.-Ev. Ap Am M v At 
2702:-2021;....| —+1.60 +1.66 — 285 —32 | +2°%0 
HM ERP oe al) apih si) +o.78 —108 eS +0.5 
280772021 p22 ell) tae nes +1.74 — 251 +20 —1I.0 
27622-20207....| 1.25 —0.24 + 48 —13 —o.8 
249'73,-2038....| 1.50 +1.65 — 245 + 7 —3.8 
28072-29202....| —+0.89 =O. 16 + 50 ay 350 
2208:-29036....] —-+1.00 —1.19 +221 + 4 +4.0 
2208:-2051....| —-1.390 +0.67 = 80 + 1 262 


+11.08 wat 7.627=—1742 w =+ 16.6=+0%027 +0"%007 
+ 7.62 fot13.147=—1069 pba=—168.6=—0%275+0%008 


Comp. Star} Br. x y 7 P.E. 

Lovaas f +3/8 +6/7 —oo10 +07006 
Deseo ae f +5.8 +2.1 +0.007 0.007 
eRe teye f 403 +o0.4 —0.012 0.009 
PB ete e bf +5.8 —5.2 +o.o10 0.008 
Oat rele f aA A —0.009 ©.0I0 
Ooo tiene b A). & en =On002 0.007 
Hehe ae ie bf —6.5 —o.1 +0.003 ©.009 
OG he eae bf eC) +3.8 +o.o14 =0.005 


I20 


Pl. No. 


1484r.. 
14842. . 
I4Qt:.. 
I4QI2.. 
1603... 
1604... 
1962... 
1963... 
1964... 
IQ70... 
LOvI.. . 
1988... 
2290... 
27631. . 
27632. . 
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oy ig ae 


Boss 6020 a= 23>18™528 6=+31°50! 
Date t Obs. Qy p m Remarks 
1917 July 29 |— of5 | vM fg |+0.628 |+2.58 
29 |+ 3.5 H fg |+0.628 |+2.58 
Aug. 10 |—13.0 | vM g |+0.470 |+2.62 
Io j— 8.5 H g |+0.470 |+2.62 
Nov. 8 |—15.7 | vM fg |—o.765 |+2.86 | Clouds, 25™ exp. 
8 |— 8.2 tal fg |—o.765 |+2.86 | Hazy, 20™ exp. 
TOES) Och, £3) |= 6.95 Et fg |—o.472 |+3.79 | Clouds, 25™ exp. 
13 |+ 1.0} vM fg |—o.472 |+3.79 | Clouds, 25™ exp. 
13 |+10.2| H fg |—0.472 |+3.79 | Clouds, 25™ exp. 
14 |— 6.5 | vM fg |—o.486 |+3.79 | Clouds, 20™ exp. 
TAN eS ear vk f |—0.486 |+3.79 | Hazy, 18™ exp. 
27 i+ 5.5 } vM f |—0.644 |+3.82 | 20™ exp. 
1919 July 30 |+ 7.5| B fg |+0.624 |+4.58 
1920 July 8 |—10.5 | vM fg |+0.828 |+5.52 
Sa) — O02 H g |+0.828 |+5.52 
9 |— 9.5 | vM fg |+o.820 |+5.53 | Trail 
Mor.-Ev. Ap | Am M v At 
1401x-1603..-..| +1.24 —0.24 — 2 +22 +297 
2763;-1604...<| -- I-50 +2.66 +3096 — 6 —2'53 
277A 1 O02 an) 20 +1.74 +260 — 5 = Bae 
I4QI2-1970....| +0.96 Sig ty) —205 —42 —2.0 
27632-1963....| —-+1I.30 ia 73 oer —13 —7 2 
PASAS TOV I= |) eat LE SEO — 754 +13 yn 
1484.-1988....| -+1.27 —1I.24 —169 + 1 —2.0 
2290 -1964....} -1I.10 +0.79 +155 +31 =O) 


+18.15 mat 5.267=+2607 
+ 5.26 uat+12.397=+ 876 


wr =+ 8.6=+0"014+07008 
bMa=+146.1=+07238 +07%006 


Comp. Star 


x y 7 P.E. 
+1'5 +4/8 07000 +0009 
See) +3.0 +0.006 0.010 
Sr oe2 +1.4 —0.002 0.004 
+5.8 —2.9 +o0.002 0.008 
+0.7 —6.2 —0.013 0.008 
+o.1 —3.6 +0.017 0.004 
—5.1 —2.9 —0.013 0.010 
—8.0 +0.3 +o.o014 0.007 
—1.9 ae vl —0.014 +0.004 
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Pi. 235164 a = 23538™308 = 6 = +57°31' 


ee a ee 


Pl. No. Date t Obs. Qy p m Remarks 

23071.-.|t919 Aug. 1 coyete) | 18 fg |+0.662 |+4.59 

23072. . ri+ 4.5 | HH fg |+0.662 |+4.59 

23731-- Oct. 17 |— 9.0 | vM fg |—o0.448 |+4.80 

23732. - 17|— 4.2 | Hum] fg |—0.449 |+4.80 | Hazy, 20™ exp. 

2385r.. 18 |—15.0 | vM f |—0.462 |+4.80 

23852... 18 |—10.5| H fg |—o.462 |+4.80 

2401r.. 19 |+ 2.5 | vM fg |—0.476 |+4.80 

24012. . 19 |+ 7.0| H g |—0.476 |+4.80 

2808;..J1920 Aug. 6 |—12.5 | vM fg |+o.595 |+5.60 

2808... 6 7.7 |Hum| fg |+0.505 |-+5.60 

2818;.. 7 |— 2.7| vM g |+o.584 |+5.60 | Clouds, 20™ exp. 

28182. . 7\|+ 3.5 |Hum|. g |+0.584 |+5.60 | Clouds, 20™ exp. 

2826;.. 19 |— 9.0] vM g |+o.427 |+5.64 

28262. . 19 |— 5.0] vM g |+0.427 |+5.64 

2852:.. “at J— 1.0 | vM g |to.4gor |+5.64 

285 22.. 21 |+ 3.0| H g |+o.4or |+5.64 

2960r. . Nov. 3 |—11.5 | vM fg |—o0.665 |+5.84 

, 29602. . 31/— 7.5 | Hum g |—0.665 |+5.84 | Trail 
29731. . Dec. 3 |— 2.0] vM | gas |—o.881 |+5.93 
20732. - 3 |+ 3.0 | Hum} gas |—o0.881 |+5.93 
Mor.-Ev. Ap Am M v At 

2808,-23851....} -+1.06 +0.80 +ar1 — I +225 
2826:-2960;....]| —-+1.09 —0.20 — 9 +21 +2.5 
28082-23852....| —+1.06 +o.80 +251 +39 +2.8 
28181-23731...-| —-+-1.03 +o0.80 i234 22 +6.3 
28262-29602....| —+1.09 —=0.120 =F ates Sos 
285 2:-23732..-.| —+-0.85 +0.84 +189 =30 +-3.2 
28522-2401;....| . +0.88 +0.84 +179 —40 +0.5 
28182-29732....| —+1.47 —0.33 — 44| +11 +0.5 
23071=20/7 310 | etek Sa —1.34 SA —13 +2.0 
23072-24012....| —-+1.14 —0.21 — 71 —40 —2.5 


+5.37 Mat 0.747=+1318 w =+ 17.2=+0%028 +0%009 
+0.74 dat13.007=+ 404 Ma=+243.1=+0%396 +0015 


Comp. Star} Br. x y fa P.E. 

Tae f +1/6 +2/6 +o”oro +07007 
2a eee f +2.2 +4.1 —0.002 0.006 
3 setnvene bf +2.2 —T5 +0.002 0.025 
Aon vctere nt b +3.4 —4.1 —0.005 0.OII 
See bb —0.5 —2..9 —0.003 0.014 
Onn dees f —2.3 —1.0 +0.010 ©.009 
Vicwmhar ake f —2.9 +0.5 —0.003 0.005 
Saeckmeay bf —2.9 250 —0.009 0.006 
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I wish to express my acknowledgment to Mr. Hoge and 
Mr. Humason for their valuable aid in securing the plates, and 
to Miss Coral Wolfe and Mrs. Marsh, of the Computing Division, 
who have performed a large share of the necessary computations. 

T am also under great obligation to Mr. Hugo Benioff, who dur- 
ing three months in the summer of 1919 took charge of the parallax 
program, while the writer was in Europe. 
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INVESTIGATIONS ON PROPER MOTION 


THIRD PAPER: THE PROPER MOTIONS OF STARS IN AND NEAR 
THE DOUBLE CLUSTER IN PERSEUS 


By ADRIAAN VAN MAANEN 


This investigation began in 1909 with the measurement of the 
proper motions of 1418 stars in the neighborhood of h and x Persei.' 
In several respects, however, difficulties were met in the discussion 
which could not at that time be overcome: it was then impossible 
to decide with certainty whether any star was a member of the 
cluster or not; the reduction from relative to absolute motion was 
based on very scanty material and was accordingly far from certain; 
and finally it was not easy to correct the proper motions for a 
possible error depending on magnitude. 

In all these particulars much has been gained by later observa- 
tional material, due to several observers who have kindly placed 
the necessary data at my disposal. Professor Philip Fox and Mr. 
Max Peterson have reobserved, with the meridian circle of the 
Dearborn Observatory, 130 stars for which older observations 
were available. To them I wish to express my most sincere grati- 
tude. The large amount of work involved in the reduction of these 
observations could not have been carried out without the help of 
a grant from the Gould Fund of the National Academy of Sciences, 
which enabled me to use a computer for about three months. 

The discovery by Adams and van Maanen in 1912? of several 
stars in the neighborhood of the cluster, showing the same radial 
velocity, permitted an improved treatment of the material. The 
work was later extended to the fainter stars by Adams and his col- 
laborators, and the number showing common velocity, all of which 
are probably members of the group, is now 27. 


1 Van Maanen, Recherches astronomiques de l’Observatoire d’Utrecht, 5, 1911. For 
brevity this investigation is referred to in the text as Ufrecht, 5. 


2 Astronomical Journal, 27, 187, 1913. 
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The present investigation is divided into five parts: 


I. THE RADIAL VELOCITIES OF THE CLUSTER STARS 


The results for the radial velocities of stars in the neighborhood 
of the cluster # and x Persei are collected in Table I; of the 38 stars 


TABLE I 
Current No. B.D. No. Ae oe a 1900 6 1900 Spectrum V 
Be aire eee es +53°430 4.94 the5m38s | +54° of Bo +12 
Dailies rose 57 494 5.96 Zeer oA S57 A2 —37 
Ee ASAT EO Cra 56 438 6.19 2.4.31 Fy [amb B8 —36 
7A pace eee 56 443 9.0 re Ae) 56 51 Bo +9 
a ase estes 56 445 9.4 De ele: 56 50 B8 —55 
Olesen oe 56 449 7.61 Deca 56 45 G1 —36 
Hes ieee ee S7ger 9-9 Zee TES 57 27 Gs —21 
Sete rasiens Bi ay. i 9.0 wpa ty, top Bs —44 
Qlsiecaitee: erases 57 525 8.3 2 8 38 57 18 Bg —44 
TO steerer net 55 554 hee BPSaASt Sp Be B7 — 39 
ATi tere se wees 57 526 7.8 Ba S52 57 50 Ao —48 
SA ores thon 56 469 8.4 2. Or At 56 16 B6 —32 
seine aR IAAL 56 470 6.99 2 9 47 56 34 B2 —4o 
TA ee Phtee eek 56 471 6.20 SOs 2 56 35 B2 —4I 
TS OMs teases cece 56 475 Hes 259 56 15 B2 —46 
TOs lecnenes 56 480 8.2 DaOn27) 56 54 Ao —II 
i Oy eae We Aree B7ESoS 8.1 2 IO 30 yes Fo —9 
Teeter vgs ees 55 564 8.4 2 10 48 56 11 Bo — 34 
TO a fereeatelove eae 57535 7.09 CHLOE s 5 57 26 Ko +1 
PaaS ARSE 56 486 [enls By iy Gy G3 — 9 
73 Pea ee ae 56 498 8.5 Dent 522 56 33 B6 —58 
PUT Se Arne 56 500 8.5 Mea Op 56 55 B3 —32 
2 Batsateniiels 56 522 6.42 Peni} 56 40 B3 —43 
DY Nek pee Nd 56 527 84. 2202 5NG 56 40 Bo —39 
Piers ieee wea 56 530 6.42 Dpto Ses 56 42 B3 —45 
DX oe tere 56 543 8.0 22653 56 48 Ao —31 
OP epee wesenins oe 55 588 6.82 2 Ese As Soe Bo —44 
2S sa hatin ok 56 555 Bey. 2 14/40 56 24 B3 —42 
BOs Accetets ee 56 568 6.60 2 14 51 56 47 Ao —46 
BO riccchicestayeicte 56 570 8.4 DeEAGRY 56 41 B3 — 40 
BT MAsistesan oes 55 598 5.28 D Bigs We 55 23 Bop —15 
BD me hirs hues uel 56 501 7.40 2 15 49 56 47 2p — 51 
Sian vstaie: 56 503 6.90 215055 56 56 B8& —5I 
BA raya cite vera vehe 57 554 8.8 2 16 45 SDA Bo —12 
tet Oem crete 55 612 6.05 2 18 12 56 9 B3 —46 
BOM teeta 57 506 7.82 Our SeEs 57 44 Ao —12 
Byisenn wee eo. 56 621 7.42 21.10) PI SOnA eal AO —42 
ey cinttae es Sane +57 568 7.10 A. AO |) SABE ak Br —39 


* Magnitude from the B.D. 


observed, 28 have velocities of about —40km/sec. Nearly all these 
probably belong to the cluster. One of the 28 stars of common 
velocity, B.D.+56°449, has a large proper motion, viz., 07334, 
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PLATE 11 


1aKo) 


Region of k and x Persei, showing stars whose radial velocities have been 
determined. Those enclosed in circles are probably members of the clusters; those 
in squares are non-members. 
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while the cluster stars, as is known from Utrecht, 5, have small 
proper motions. There is another reason for supposing that 
B.D.+56°449 is not a member of the group: its spectral type is Gr, 
while all other stars with common velocity show spectra between 
Br and Az. In discussing the motion of the cluster this star 
was accordingly excluded. It seems worth mentioning here that 
Adams, in measuring the spectra, found among the 27 members of 
the group only very few stars which may be binaries. Another 
curious fact is the lack of any appreciable change of spectrum with 
decreasing magnitude of the group stars. In other clusters, for 
instance in the Pleiades and Hyades, the fainter stars are of a 
more advanced spectral type than the brighter stars; in the present 
group we find for the four groups of 7, 7, 7, and 6 stars, respectively, 
arranged according to magnitude: 


Mean Magnitude Mean Spectrum 
DEO Ae tsreeiaeee ers © alc enero BT Ee a no OS B6 
0 PSS FIA OR NIA IR eR Ghee cht eens eth Bo 
Sak Bess RE See ho EAL CoeeE Meme TO meO re KC Hc B7 
SE Oe Serie eee ota hb acl ee aes Bs 


Besides the numbers and positions of the stars, Table I gives 
the visual magnitude from the Revised Draper Catalogue, the 
spectrum and the radia! velocity as determined by Adams. The 
stars observed for radial velocity are indicated in Plate II, with 
the exception of No. 1 of Table I, which is too far off to be inserted. 
The group stars are surrounded by a circle, the other stars for 
which radial velocities have been determined, by a square. 


Il. THE COMMON PROPER MOTION OF THE GROUP 


For the determination of the proper motion of the group it was 
supposed that the 27 stars showing the same radial velocity belong 
to the clusters and, therefore, have a common yp, and y;. Thanks 
to the large number of recent meridian observations in right 
ascension by Fox and Peterson, it was possible to derive a good 
value of u,. These observations include all but one of the stars 
observed between 1860 and 1862 by Kriiger,’ and nearly all those 


: Catalog der Astronomischen Gesellschaft (Helsing fors-Gotha, 1890), p. 8. 
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measured by Miss Young on Rutherford plates taken in 1874. 
For the declination the material is less satisfactory, as but few 
stars have recently been observed in declination. 

To derive the values of u, and p; for the clusters the following 
process was used: A right ascension or declination as given by any 
observer and reduced to the epoch 1900 may be affected by a 
systematic error, by an accidental error, and by proper motion. 
Supposing the systematic error to be constant for each observer or 
catalogue, we may write for each co-ordinate: 


a=ate +m 
5=6. +c’ +muys 


where a, and 6, are the most probable values of right ascension and 
declination of the star, c and c’ the systematic error of each observer 
in a and 6, and m the number of years between the time of observa- 
tion and 1900. Nine of the stars with common radial velocity are 
not included in any of the sources used, and one appears only in 
Young and Fox. These stars cannot therefore be used for the 
derivation of the proper motion of the clusters. 

We therefore have for the determination of y,, 82 equations of 
conditions with 27 unknown quantities, viz., u., 18 values of a, and 
8 systematic errors c. For declination we have 64 equations of 
condition with 25 unknown quantities, viz., u;, 17 values of 6,, 
and 7 systematic corrections c’. 

The eight sources used are collected in Table IJ. Under 2 and 
n’ are given the number of stars observed in a and 6 respectively. 

At first glance it may seem an endless task to solve equations 
of condition with so large a number of unknowns; but owing to 
their peculiar form, each containing but three unknown quantities, 
the 27 and 25 normal equations are easily reduced to 9 and 8 equa- 
tions, respectively, involving only the unknown quantities u, or ps 
and the systematic corrections. These were solved by a process of 
approximation. The resulting proper motion for the cluster is: 


Ha=+07003 
Ms = +07003 
* Contributions from the Observatory of Columbia University, No. 24, 1906. 
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The corrections to the catalogues, together with the weights 
used, are collected in Table III. 


TABLE II 
= — 
Observer CANS Equinox n n' Published 
GRR eT eeyare 0 om ote K 1861 8 8 | A.G. Catalog, Helsing fors- 
Gotha 
BOSS ree Manta aes ss B 1871 5 5 | Preliminary General Cata- 
logue 
NAGU TNT oer Nie gee Y, 1874 15 15 | Contr. from the Obs. of Colum- 
bia Univ., No. 24 
Bronsky and Steb- 
BEEZ ICNP cco foe BS 1891 17 16 | Mem. de l’Ac. de St. Péters- 
bourg, Série VIII, 2 
Schur see haces eee S 1894 6 6 | Astr. Mitt. der K. Sternwarte 
p in Gottingen, 6 
WIG ree sok 8S Ib, IQIo 7 7) | Communicated respectively 
BSQUNO er. chines Bn 1910 7 7 by Professor E. F. van de 
Fox and Peterson... F 1913 17 ) Sande Bakhuyzen, Profes- 
sor Kiistner, and Pro- 
fessor Fox 
TABLE III 
Observer Wt.a Corr. a Wt.6 Corr. é 
BITE OR ea cht eee ne ree ae ie I.0 —o®oo06 I.0 —oo4 
IBOSSHPe ete eta eid: eee 3.0 +o0.010 2.0 —0.07 
RW AOUETT Oe ok Saye toe Boa lore oie 2.0 +0.017 Ted —0.08 
Bronsky and Stebnitzky.. 2.0 —0.023 eA +0.05 
SelGt es Sh Geter eee ae TO +0.027 I.0 +o.04 
eigenen qian sane ne cise: B20 +0.016 iff +0.15 
ES OTT mre ee a cpt ich eaters Tes —0.004 hg —0.21 
DOC Ao Seg eC Cerone EAS) F Oneh ann Nec epee eters bee esa Sots 5.0 


Ill. POSITIONS AND PROPER MOTIONS OF STARS REOBSERVED AT 
THE DEARBORN OBSERVATORY 


The corrections found above were next applied to the observa- 
tions of all the stars appearing in Utrecht, 5, which were measured by 
any of the observers in Table II. If observed by more than one 
authority the proper motions were also derived. The results are 
collected in Table IV, which gives the current number in Young, 
Kriiger, Bronsky and Stebnitzky, and Utrecht, 5. (The current 
numbers for Boss, Schur, Leiden, and Bonn are given in a supple- 
mentary Table, IVa, together with the corresponding numbers in 
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TABLE IV 
Yo Kh Bs Ure Te | ie 1900 5 1900 Ba) | PE Coe eee 
3 1413 9.5 | 2b 8m 88748 |+56°27'32782 |+o%02r |........]..-2eeeefeeee nae 
Ar slenes|eceeee 1353 | 8.7 37070 |. S707 47687 \-tom oO 5.3 cecbeterarstera|eiaroleteeratat aiereesterate 
5 1301 | 10.2 47.115 56 57 14.82 |— Gis scales gitetfereeees 
rieyel nia 15 1295 9.7 9 11.369 57 9 1.08 |+ 6: 0%0009. |-1-0+033) | auc 
Bical tears 44 L295") 0,2 31.236 56 1 21.13 |+ 16 6 |-— AMES ete atare 
Oral 58 1262 8.7 41.057 56 16 19.97 |+ 6 2\— “AO aasiny 
Io 19 65 1247 9.5 47.007 56 33 50.21 |+ 19 16 |— . 30 |+0%007 
II 18 76 1243 6.8 §2.033 56 35 25.22 |— «1 alls eh 7 
esl Meo 81 1253 | 10.4 54.092 | 56 24 20.65 |— 22 22: (es LON iterates 
13.-] 34 85 | 1164] 9.5 57-690 | 5639 54.80|+ 7 6) la 9 2 
14 86 1264 7.8 59.284 56 15 13.69 |+ 7 8 |+ Mi erereis\atete 
1s 88 1170 | 10.9 Io 0.383 56 38 4.51 |+ 33 TEN aT reras . 
17 100 1184 | 10.3 5.035 56 30 13.64 |— 8 8 |- Sl hace 
To oihaaae 109 1202 9.1 9.627 56 18 17.53 |+ 22 O Fa 88) dees paren 
19 32 119 | 1193] 9.6 16.301 56 26 0.35 |+ I 4|+ 5 I 
BOwsllacets 142 1154 | 8.5 26.501 56 54 5.61 ]+ ar 2: ORE AGM atetecetere 
2r 29 157 1082 | 10.8 34.837 56 37 17.04 |+ 13 6.t=— 7 35 2 
22 30 163 1066 9.8 38.290 56 44 6.99 ° o|+ 12 2 
23 33 176 Ir00 | 10,0 45.032 56 26 9.40 |+ 2 8/—- 19 7 
A ERGs ieys 181 16061 | 10.4 46.461 56 56 24.57 |— 10 6 |+ Ci each 
ASA GAG 188 IIIS 8.6 47.791 56 10 39.10 |+ 6 17 |+ + eaters 
26..| 28 | 189] 1079] 9.1 49.027 | 56 37 35.69 |+ 2 r|- 6 3 
27 t99 | 1042] 7.4 54.960 | 57 26 9.37 |+ 57 6|— 29 17 
Se city aire 216 1057 ya IZ, 2.170 57 310.01 |— 26 5|— 7 Io 
Ove bate 232 1125 9.2 6.530 56 0 57.12 |— 8 Sha e8S eee 
Bowler: 254 929 | 10.8 11.563 56 53 42.01 ° 12 |+ Ch Pane. 
EX tal Ween 257 920 | 10.1 12.684 57 1 40.87 |+ 15 a= S iterate 
Sa che nie 264 909 9.4 13.911 56 42 27.71 |— 5 Sa SA ane erie 
33 ay 205 964 | 10.6 14.102 57 21 14.76 |+ 70 Iz|— 55 6 
34 42 260 960 | 11.2 15.763 56 44 43.25 |+ 12 6 |- 6 ° 
eka alioogc 290 1024 9-4 21.832 56 612.04 |+ 356 Zito (SAO ch svaertes 
Pe SON le tere rors 990 | 10.8 22.2098 56 34 34.76 1+ t0 8 |- DiNcressyerens 
Bore |S: 203 992 8.3 22.476 56 32 49.15 |+ 2 6|— 15 Ir 
Aw 4 sit 959 | 8.7 26.072 | 56 44 43.58 |+ 6 Se eee 3 
PEON eee 315 928 | 11.2 27.749 | 56 5412.47 |+ 25 Fae ae ee Lah en oe 
422.) 241) 370 972 | 9.8 28.586 | 56 41 15.900 |+ 12 o|- 18 i 
ri leeal|| eee 918 | 10.7 29.064 57 5 44.20/14 33 22 |— Sul asatatnte 
ALE NLS e320 955 | 10.0 31.212 | 56 44 53.05 ° Sal an 4 
46..| 6 353 982 | 10.0 39.090 56 38 17.25 |— 9 6 ° ° 
48. .[o0e 365 IOI4 9.6 42.105 56 17 54.79 |— 7 O1™ 34 ieee 
49..| 24] 379 778 | 9.8 45.958 | 56 49 22.31 |+ 85 14|= 13 8 
KOs IO) 381 829 | 10.0 46.438 56 40 22.02 |+ 33 Io|/+ 30 8 
SD es 382 783 | 10.8 46.454 56 46 39.05 |— 14 17|— 30 Io 
Ror ats 385 870 |] 9.9 46.808 56 36 17.07 |+ 2 4{+ 6 2 
5§3..| 23 | 3or 860 | 10.6 48.166 56 38 4.92 |— 7 P\ eT I 2 
Er wel) ce) 416 822 | 10.0 52.202 56 40 37.38 |— 20 17 |- 4 4 
Coroclonarll reas 804 | 11.1 52.714 56 4r 44.66 |+ U1 WIE te - Ce Greats 
BO a7 AST, 815 | 10.6 57-337 | 56 4057.14 |— 13 Lip | Seay 8 
57..| 16 442 814 | 10.8 58.505 56 40 59.80 |— 5 26|— to I 
Siac cH cago: 869 | 11.2 58.986 56 36 43.11 |— 32 22 |— OD bess caste 
Oona &: 462 830 Vex I2 2.830 56 40 24.10 |+ 2 rj+ 4 5 
61..] 10 | 472 830 | 9.5 4-776 | 56 39 50.26 |— 12 9 [te ro 5 
62..] 3 487 831 | 10.3 7.526 56 40 22,86 |— 7 5 ° 3 
63..] dr | 406 837 | 9.7 8.585 | 56 39 54.02 |— 20 o |= 4 ° 
64..| d2 407 833 9.1 8.757 5640 7.21 |— iE oj+ 16 7 
65..] 22 | 408 874 | 10.7 9.432 56 33 46.32 |+ 26 2\— 7 I 
66. .| 36 503 836 | 10.8 11.865 56 40 0.37 |— 30 18 |+ I 4 
(Ps Nae 504 798 7.3 12.054 56 42 26.60 |+ 6 s|- 28 I2 
Reeie KV ASi| steers 721 | 1.4 22.521 56 32 34.75 | + 31 Bien 8 20M ae ees 
Serta 37 Alen crane 706 | 11.6 24.401 56 39 9.89 |+ rre]........ a ts tl Ie Aes 
Conn axe 546 710 | 10.1 24.884 56 36 590.67 |+ 10 2|— 20 2 
7O)..| 7 |) 549 704 | 10.0 25.557 | 56 40 35.44 |+ 7 Ba\ ms V I 
PLease 579 674] 9.5 36.416 56 48 31.46 |— 6 TS eoSS eres 
72. .1 35 581 687 | 11.4 36.562 57 12 45.05 |+ 31 r|— 2 4 
PS inee| e583) 679 | 10.3 37.020] 57 227.10|+ 27 12 |+ Bll veces 
Ha. 20 589 709 | 10.5 38.229 56 37 49.92 |+ 9 12: |= =I0 a 
TS ive aie] SOT 742 | 10.6 41.035 5615 17.42 |+ 16 Lorber NTE eee 
76..| 44 5909 726 | 11,2 41.421 56 3r 4.85 |+ 62 Ir|j— 1 3 
Phere: oly WP? 630 685 | 8.6 53-057 56 48 25.91 |— 9 On 3 3 
Worle LO¢E 647 | 10.3 T312.007 |) SOma¥eGo.a3) = cA) EZ} SONI rere 
ee Ja. bas ot 10.9 6.538 | 57 0 19.54 |+ 6 Tums TSn leer ees 
Peseta 5 Ag) | rea 12.758 56 16 45.38 |+ x13 Silas 123) hieeeison 
EIS CPE OUR a | es | OT | 


INVESTIGATIONS ON PROPER MOTION 7 


TABLE IV—Continued 


ME a, Mex. @ 1900 5 1900 Ha PE. H5 P.E. 
630 9.6 | 2hr3™138306 |+56°38'16%92 |+o0%0r2 |+0%004 |+0%005 +0"003 
635 | 10.9 # 27.038 | 56 31 58.02 |+ 21 P| 2 rales 
547 | 9.6 33.138 | 57 20 49.04 |— 25 Bets < 158" leer 
656 | 9.5 34.830 | 55 52 11.13 |+ I Asl-}=o eS cenit 
56r | Io.1 35.504 56 5x 6.38 |+ 9 8 i+ 2. | ao 
553 | 10.2 48.382 56 59 51.60 |+ 16 2|+ 35 
582 9.8 50.863 56 27 57.70 |+ 13 2\|+~- i 
568 | 10.0 14 4.369 56 42 26.45 |—- 12 m3 |+ 2 
587 9.9 7.501 56 21 26.13 |+ 8 6|— 15 
585 | 9.0 8.526 | 56 24 22.66 |+ 41 8 |+ 6 
586 | 10.1 9.713 | 56 23 40.46 |+ 30 3 i+ I 
571 | 11.8 13.753 | 56 41 9.84 |+ 7 rrj+ 28 
480 | 10.7 14.018 56 50 48.92 |— 2r mr |+ I 
468 | 10.7 27.326 | 57 6 34.96 |— 2x ol= cl enters ; 
482 | 10.4 31.543 | 56 5015.72 /+ 7 Sicitta 22S) |earesoes 
476 | 10.7 38.587 56 50 59.09 |—- 8 oe a(S a cia ccon 
505 | 10.2 39.931 56 40 1.85 |+ 18 mr fJ+ bt ee tale, 
522 | 11.5 43.158 | 56 3025.70 |+ 45 12 |— On lepine 
347 9.6 45.969 56 55 41.40 |— 27 16a ES) | annette 
380 | 10.7 49.144 | 56 42 28.63 |+ 20 14 |+ OM nar 
420 9.1 40.734 56 26 47.84 |+ 12 12 |— I Ir 
358 | 7.3 51.248 | 5647 4.48|+ 6 2h eS 7 
349 | I1.7 52.806 56 52 51.71 | + 36 14 Onin ererereers 
388 8.7 56.721 56 41 12.09 |— 7 Io |— 6: wee eee 
392 | 9.9 57.044 | 56 40 45.24 |— 35 LOn| teens Siler 
3890 | 10.5 58.9023 56 40 55.70 |— 13 TON| See SBA ee 
400 | 0.4 Is 3.619 | 56 39 13.54 |+ 5 Vil rin ee pA pooocan 
308 | 9.8 4.741 56 30 59.65 |— I Ons! SEDs 
404 9.9 5.857 56 30 33-44 |— 12 Io {+ Sithectorntes 
353 | 9.1 12.433 | 56 48 50.36 |+ 23 OM Eh es dh be aeaoe: 
400 | 10.1 13.690 | 56 39 56.76 |— 24 BS ee PLO ls oceacco 
351 | 10.2 18.007 56° 49\37.50 [= 15 15. |se 2k eee a 
285 | 10.2 25.416 | 5645 2.15 |+ 9 OVA es 8ile eas 
310 | 10.5 32.315 | 56 37 27.45 |— 2 Io |— Se eave 
308 | 10.3 39.403 56 3740.23 |— 2 9|- RN cielete eters 
264 | 10.1 43.766 | 57 3 16.64 |— 6 O\ | -Toe TOsl| erect : 
298 | 10.7 44.523 56 41 48.76 |+ I Yee Kellnataonc 
281 8.8 48.561 56 47 17.63 ° Oley agile 5 
327 | 10.1 52.083 56 9 59.02 |+ 22 12 |+ Olea ees 
318 | 10.9 52.722 66°33 23.40 (= 29 6|/-+ 15 
273] 7.8 54-791 | 56 55 48.34 |— I Ble ei 
228 | 11.2 59.682 | 56 40 14.41 |+ 3 13 /+ «1 
189 | 9.7 16 5.554 | 57 955.42 |— 24 130 = 2 
220 | 10.1 6.825 | 56 42 55.8 |+ 6 12 |— 4 
188 | 10.6 12.717 7 Amana Oni 2 IrjJ+ 12 
247 | 9.1 20.34 56 23 52.84 |+ 2 2\|— 6 
215 | 10.5 29.211 | 56 45 41.79 |+ 12 3|-— 15 
252 | 10.0 32.949 | 56 7 5.91 |+ 10 o|l—- 14 
245 | 10.0 33-380 | 56 25 26.93 |+ 43 Z7ial| a5 
124 | 8.8 44.807 | 57 23 35.52 |+ 5 8|+ 28 
144 | 10.7 51.761 | 56 46 54.09 |— 7 Rise 6 
140 | 10.5 55.500 | 56 50 4.31 |— I als 4 
135 | 10.1 56.005 | 5653 54.55 |t 6 2|+ 5 
175 | 10.0 27) Q7254 | 56) 8 22.15 | tr TD) RA. leet 

82 9.9 21.036 ry aes le BH Cot (eet @- NE Un ye 
99 | 10.2 33-043 56 45 43.24 |+ 15 Ol—> 26) | neas 
87 | 10.1 30.086 | 57 035.38 |+ 10 Tae BEN loo oseoe 
39*| 6.9 18 12.188 56 9 22.24 |+ 10 4/-- to 5 


Bronsky and Stebnitzky.) The fifth column gives the photo- 
graphic magnitude, derived from Utrecht, 5, corrected as indicated 
on page 9 of the present paper; the sixth and seventh columns give 
the right ascension and declination for 1900, the eighth and ninth 
columns the proper motion in right ascension and the probable 
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error, the tenth and eleventh columns the corresponding values 


for declination. 
All stars of Table IV with the exception of Young 55 and 
Kriiger 37 were observed by Fox and Peterson. The probable 


TABLE IVa 
DESIGNATION OF STARS 


Bronsky and Stebnitzky Boss Schur Papi 
PAD G cate ain pa Oe [Koy fet Hee With pate omoat 
LUG dine sia nte otenne eal | terete eee eae De Meas tsttcle race 
1 aYe eis eas BOSON se ee eer nee 2057 
BT Gils witioreteseierel sisrelee SES stim poaecre seat 2001 
XEON CIC CIGD OR Seis OF DOI Eo. c 2071 
BLT ava: duagel tees eats [ine tatete eee Gi OG Mcoearncmmeaerott 
4O2 cyoratat cre aelstemnenss SIO 7 Aloe weno tomeed 2088 
BOS hard os scie nares en laccll hee sto aces e 2093 
eke REM er Oh RH Spi das Os Oe f 2113 
O02 2 eaherh eo oks Bore ce aeecal ice | EA RN CA oo oe 
Yo aS ee AP REA EA ING ICE 6 Cc Te Posie loge ats Gaeiete eames 
SASH thse eens 533 1 2150 
O03 5. iu kpnes ciate 535 m 2177 
LO3 2's hoidcvcuveiete eras eci| nae ae ree Oo: Lie |aceeeranaees 
TLS Siok tower cto nsters SAA. Ul lootareceave oer ere 2217 


errors in a, 6, wa, and ys, differ, of course, greatly with the number 
of observations available. In the mean they are: 


P.E. in a =o%019 P.E. in pa=07008 
P.E. in 6 =07%075 P.E. in ps =07005 


IV. REDUCTION OF THE PROPER MOTIONS IN UTRECHT 5 TO THE 
PRESENT SYSTEM 

The proper motions derived in the last section are based on the 
weighted mean system of the eight observers used. A comparison 
between these motions and the corresponding values of Utrecht, 5, 
will enable us to reduce the latter to the same.system. In doing 
this, new magnitudes were derived for the stars in Utrecht, 5. In 
the original paper the magnitudes were based on the diameters of 
the stars on one of the plates and were reduced to the Harvard 
visual scale. (See Utrecht, 5, pp. 38-42.) But as the results are 
derived from photographic plates, it is preferable to use photo- 
graphic magnitudes. With the aid of Publications of the Astro- 


132 


INVESTIGATIONS ON PROPER MOTION 9 


nomical Laboratory at Groningen, No. 27, the following corrections 
to the original magnitudes were derived: 


Mag. in Utrecht, 5, Correction 
tay [ISR ACES Cea TSN MeNChy RAS Goce Oma 

Vc O—TO ci cata: Rie see ee OTe ee +0.5 
BOC SEM nS esc ais Votes ets ieee C came rer ose 
DOS La RA AOE AU Heme aE cic Cea ae +0.7 


The results of the comparison between the motions in Table IV 
and in Utrecht, 5, are given in Table V. 

Except for the fainter stars, where the meridian observations 
have less weight, the differences are fairly constant for u,; for p; 
on the other hand there is a decided change with the magnitude. 

A check on the result that the difference in motion is constant 
for u,, but a function of the magnitude for 3, can be derived in the 
following way: On the plates measured in Utrecht, 5, there is a 


TABLE V 
Limits of Mag. Mean Mag. n Hg C—u, US us C—us Us 
Choe Teer lens iste ele 723 10 +0"%0053 +07 0065 
OREO Omer ere etereas Cee ea Sa7 10 + 55 + 79 
SeORRO EO ates cee ecko 9.5 20 + 85 + 37 
QUESTO SO mec» onseew see ene 10.3 64 + 54 + 16 
EGP O UE NO ce ok: er haictlets ciel ine] 17 +0.0191 —0.0089 


very strong concentration of stars toward the centers of the two 
clusters. The plates show 54 and 35 stars in regions of 25 square 
minutes, while in the absence of the clusters there would be only 
20r3. Practically all these stars must therefore be members of the 
group. We have further the 27 members of the clusters, discussed 
in section 1; for the cluster stars we found u.= +0%003, us= +0%003. 
Comparing this proper motion with the motions for the same 
stars in Utrecht, 5, we find the differences as given in Table VI, 
in which the first two lines refer to the stars of the common 
velocity of —40 km/sec. and the others to the stars in the 
central regions. 

The differences are plotted as ordinates in Figure 1, with the 
magnitudes as abscissae. The dots represent the values from 
Table V, the crosses the values: from the first two lines of Table VI, 
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the circles the other values from Table VI. All these results 
together indicate a constant correction of +-o%007 to the proper 
motions in right ascension in Utrecht, 5. For the proper motion 


TABLE VI 

Limits of Mag. Mean Mag. n Ha CHa U5 | ug C—u5U 5 
GET 17s Oso hare eae 7.2 8 +0%0094 +o"ors9 
SsOn OCT cn oe an aren 8.8 I2 + 62 =) 10s 
Wim Ti Oil stand area ne oe Ghee 2 + 90 + 175 
FE O= OnSite omete nee 8.7 I _ Io + go 
SiO Os Sid cerenciaaerttneke 9-5 4 =r 62 + 42 
QEQ=l OG css seus ave Castors eee 10.4 I2 + 116 + 32 
TOVQ=T 1. Of ew cctoenetor ere es 12 + 60 =+- 26 
TT Oconee BONG heart Zee 19 + oy + 25 
VOROMI 3: Goines eae athe ya 13.4 24 + 29 = 44 
LSLOSIA GT. ce eisricire ein 1443 15 +0.0065 —0.0075 


70 (810.1 .0).0-) 10,0) HON t2 OMI a OmiArOm 15 Omar. 


Fic. 1.—Corrections to the proper motions in Utrecht, 5 


in declination a correction whichis a linear function of the magnitude 
is used. Its value is +0%013 for magnitude 7.0 and —o”008 for 
magnitude 15.0. 
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TABLE VII 
ac a ae errr a ee ee a 
No. Pg. Mag Kg Ms No Pg. Mag. Me 

Des orci 12.5 +o%org | —o%024 || 47...... 11.9 | +0009 
Di tart ches 12.9 + 33/4 35 |/ 48 Dene = 7 
Bieactitire.t 11.6 - 2} — PAT Oras II.9 + a1 
BSG II.9 + 2}—- 29|PSOunarant 12.6 - 3 
Can Aaa 8.2 + 9|—- CLP ESCA Secie: 12.9 — 7 
Oman ke Tong =— 40] — Aa es etn ines 11.8 + 4 
TRO Ore 9.2 _ 6; — Will ise rate ro II.9 _ I 
Re wees 12.8 — 35. |) A Gh Anca rns + 2 
Oe & 9.7 ae eh SI ORs oe Tay + «1 
TOM vc noes —) 26: [== An SOec ort 13.8 + 7 
1a) Ue ae 22 ete yO: | — sees eS Saar eene 145) 2s 
Oars oi 2k. 8.9 = ES *s| GEO CO ier 14.1 _ 3 
SNe 5s rs = 2}/— £410 |! 60 oe: —- 19 
5. ca £252 — Sil ee FOn Ob errmee 12.8 _ 4 
Lenk ye 10.6 ee 9 | — er || O2 eee 13.8 - 8 
EOee a 15. <. II.5 ES) On 63s 10.8 + 42 
SoePaks 2 12.3 E293 NO OA cae 12.9 — 9 
2 wea 12.7 — 6] — LOM POS snwactet: I2.9 — I5 
FO eke c ters 9.4 + ALl— sr 28 || Obs TT.2) | 9 
ZO ae laxcrens 10.1 ate 6] — Guill O7e natets I2.9 — 26 
2 OA 1252 —- «if- Se Oban aan 10.0 + 3 
22.. mao | Se Pp Sa OOme ne 12.4 | — 3 
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TABLE VII—Continued 
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BT Eel 106 + 3; + I |} 358. TS + ami)+ 9 
SEO eee ek: 11.8 + 8} + Se 350s. 14.2 + 4 ° 
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ONODae as Leeda = eet | OOO see 11.8 ate iar Be) 
ORF Finest: Tes —- 4|+ ip Wh Cykeke 5 ae 12.8 - 8 {+ 23 
GES ee: 14.0 | + o{+ DM Ophteo cat TH6O= || ae AB | ie 
619. I2.9 + 30 © || CWBcoon WORT al 8|/— 13 
OZ eerie: 11.6 ae 9 On| Os eee 1302 = en || ae 3 
OPE cst sitiele! ae uitey || 2 MN) Ope eo es Oe | ae 23 || = uy 
COPS. Seer See Wee aeey || oe Oph WyiGiee Sen 10.9 - 8 | — 
G2b ene os 14.6 Se eh |) Se AV WOO 6 eee 13.6 — 9 ° 
O26 xara: E252 == 8 |) se Omi nO 77a .acter i) Se 2B | ae 2 
OZ yee deleas =f) £0) || a= ll) Or elses oc 14.6 = 41+ 13 


I41 
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TABLE VII—Continued 


No Pg. Mag Be H5 No. Pg. Mag Ha ug 
C7 Ose eiee 10.3 —0%006 | —o”%002 || 727 14.2 +o%o016 | —o”%006 
CSOs eae I1.9 —_ 71+ 3 || 728. 14.1 + «1i7/+ 5 
O82eas 14.2 _ 2 o || 729. Tae + 3smam{t+ I 
O83eann Tey +  15)| 3 || 730° 12.9 + 8{/[+ 6 
OSA acne 13.5 ain ad cake MRAM oie 13.6 _ I | + 1 
OSSeerieren 8.6 = Ste wek Onn eee isos + 5|— 4 
O86.0 5.25 I4.1 + 4 TW ISoane 11.8 + Seat LO 
O87 one ta II.4 + r]- ils aia 12.9 + 10] — 8 
Opies cue ee bat [ca eal YN WY co = On WN735s-- tr.4 | + 7\=— 8 
O80Mmene,. 13.6 |+ 14] -— I || 736 tee, (War Cr arta ce! 
OGOOsG- ee 14.0 | + CER seta li Ore Tie + 5 ° 
GOL oe 14.6 + 10] — = 12] 738 134: + a5|c+ 3 
CO2snaeme 12.9% | + 4|/-— 3 || 739- toes o|— 8 
OO3sce ee 12.8 | + 51+. 10 |} 740. 11.8 + 16 ]-—- 7 
COAT ene 12.6 ee | as AAT. I4.1 + 3/—- a 
OOS enntur 132 ae 1| + i oTA zee 10.6 ae 9|-— a 
GOOs ea Kc ep Ale | ae Bieta Gaile ZA Sates Teter | ae 5 2 
(VAG a dse TA OmMl eats 9} + PN irl, Esn3 + 71-— I 
GOOsaaent iets + «3m]/- Oa Taos ey a 3/—- 5 
HX a5 06 13.5 + 9|-— DUMP reas I2.0 =- Ij|—- 2 
FOLsseie 12.7) | + 7|— 2 || 748.. 12.6 35 9 |— 4 
VOD aye 14.4 | + 7\+ 6 || 749.. 13-4 | + 10] — 8 
TOS ee TAOy HG el 7 tos ee AM eZ 5 Ose 12.6 | + 3m|— 18 
WOM vernal 10.0 oom o}|+ Chl vésate 11.8 —- «im;)+ 6 
TOS enact 11.8 + 7 etree En I2.0 + 36 °'|/ =" “x5 
ORIEL 6 r.6 | + r{|+ 6 || 753:- - 10.5 + 26|/— 26 
DOWN oleate II.9 + 4/+ rowel SG ds es TOA: 13 ee 
TOS ane I3.4 + ry t+ GRAN ister Vi dat + 2|-—- m4 
TOO. ose 10.5 oj + TEA 75 Once 10.7 + 29|— 22 
TOR i cov IO.I + 2}+ AL PT Seer BLOT + 20] -— 19 
Ch er a 14.0 + 7\+ PM Se Rai sd ey. B 28 has 
FED era 12.9 + 3} + 4 || 760... LOCA eee: + 12 
TLS wae 13) Omni nets 8). |p Se CANN) 7A Ese Lighe at — 2si+ 3 
TEA capes TH + 8 | = Sule 7ZO2ue NAD) = Je Pre | ce 20 
Pal pct ras o{/+ Pale ZOsee I2.4 Sa aig 297 
HAGE sos II.4 + 5|— Bnile7OSser I2.9 — 3|/+ 8 
7 soe ie 12.9 + 23) e- Dei 7GOuan I3.4 = OOS 
7p teem 12.0 GP ROMs ee re Ill yess 10.8 + 3 | + 4 
UO metaioter 13.6 + 10|+ Guiryoven 13.4 + ab ae PS 
TORR tot E164) [Re aas el gat aeau, wHOy War Bilge | Fe 
Oe ctae 12.3 | + 3 | =" stooller7arncne P2700) |eton 0330 aa) 
WO ey Rin Tens + 4 ok ty Aaa 11.8 + hia mos 
OP ese do Sjc4 ol ate 4} |e ee On| |e Ona T3530 ete 2\+ 4 
PPR ore a. Hea ae 2k Onliner scree m2.5 | + eo | — ses 
HAD Gea Toe + 6) + On| 7aus ces 9.8 = 05 || (—Saeen 
een Reve cani Lene renee! inne! rice he de YS 


INVESTIGATIONS ON PROPER MOTION se) 


TABLE VII—Continued 


No Pg. Mag Ha Mo No. Pg. Mag. Fp, Bs 
TBObe cls ss 10.7 | +0005 | +07%007 || 827..... 13.5 | t+o%o006 | —o”orr 
ROR oi sia 1 Pye + 4 |e Ba O2O em see 12.3 + 2)/+ 9 
yhoe Veer Tans _ 4|/+ By O2Qraree 10.0 + VP Alem 4 
TORE ss ia.0 10.8 — a i a Sale OO enc fea + 2)|— 4 
ROUT Cac s 13.4 + Sel ec ie Bl | leo bare 10.3 — iTri}— 7 
(knee 12.5 | + r|—- Sa sa2aes iboyp || S| sr ate 
PSO cu.ty. ts aay? + 3 REO O39 tae g.1 + hal \ eee 5 
BOT occ 5 14.5 — ir) — Tl O34.50 13.9 =f 6 | + —24 
FBS. aie n'a t2. i + 8} + FH MKOS Seine T307 [hte ete et erg 
ih a en 13.2 + «114|+ 12 || 836. 10.8 aan TS el ee 
WOlest 12.0 | + 3) Ba OG iasts 0-7 | — ke 2 
OB ajc = £226 o| — 4 || 838... 11.9 | + 8 |-- ro 
Oey age 1.7 | — 3|- S |) 8300. Oo ee Zar a2 
OR teas ks II.9 + 2|/— Sl SA0sa« I2.9 + 5 |/+ 5 
OS eas ss II.4 + 7\|- Del OAc en 13.6 + 9o|+ 2 
7(2) Cama 14.4 + Ti) = 13) ||) 842.52 Tes Gf + 13) + I 
7 Sy aes LSS mecha Sh te ral 34350 mBeGy Wee all> 
OES casas Faas ° © || 844.. Toe) + 10] + I 
71810 Rear 14.4 + 15] — 6 || 845... 14.1 _ 2\);— 2 
BOD. fue: 107 _ 2|— 2 || 846... Ts + 2{+ 4 
BOO Sern 5 TS -2 o| — Au 84700 « 14.2 + 4/+ 3 
803.. ieee § + t10]/+ 5 |) O48... 4.5 + 4|-— a 
SOAs e/5ie,5 aie § + 3{/- 2 || 840... 13.4 | + ja a ee 
BOR eect « Bike 7 — 5 fa | ee Bill SS Onn I2.4 + 2 = 2 
SOO a «55's 13.9 _ 2/+ 7g || | ealeee II.9 + As 5 
Bowen. TA _ 5|— 8 || 852... 13.4 + 1]-— I 
Botnet 10.8 + 2|-+ Ons akon. I3.9 + o|/+ 14 
BOQse ens = Re + 2|— Sil O55cec Tene + Salle 6 
BEC cine > Il.9 + 2}/— 3 || 856.. 14.6 + 6|— 4 
OAL Taos II.9 + 4/—- BaOsTaee I4.1 + io|+ 7 
roll 2 ae 2.4 _ 7 Onl S5o.ar T4500 ea 20 | 2 
oli tc ae 13-5 =e eats I || 859... 13 57 + «2)+ 2 
collie byes ae 10.8 _- z | -— 8 || 860.. 10.6 _ 3h Poe 8 
Seeete ee 10.6 — gt oe 4 || 86r. 12.8 + Oy ap ae 
OHO sector rie + t10/+ 8 || 862. 13.6 + 2}+ 3 
oy Ree ead — 19] + 8 || 863... 12.0 - 9/— 2 
OLD: ster y > 1363 + Ne ee b lh lov en 1367 ay) ate) |] — 8 
reli 0 Pea aCe I2.4 + 1i12/]— 22]! 865.. 13.6 + 4)ct# 2 
S2Ous ees 252) + EAN ae 8 || 866... Ta 2 + 16.) =F 6 
oie Cio aes FORO Mh Se ie |) Se SANSOM rere 13.2 + 13|/+ 8 
S225: I0.0 _ 2 |= 7 {| 868... TART + — 4 
Oe sodateiak inoey ET | ae 4 || 860... iit @) + tr] t+ @ 
S24 sy.) i222 Co}, || 6 || 870.. 9.9 + 5 ° 
Boer as ns 6 11.8 + O3n\| ie akopalll oA tse 13.6 + Io ° 
BZO Ss ave es L3.2 = 7\— By lil tye c 13-4 | + 9 |-— 7 


ADRIAAN VAN MAANEN 


TABLE VII—Continued 


No Pg. Mag. Ba M5 No. Pg. Mag. pity 
Aaa 13.1 +0o0"%004 | +to”%or3 || 926..... II.9 —o0"003 
saxahelon 5OM7, _ 4)+ On| |nO2ieeeer 12.8 ° 
Baers 12.6 Te eh ae Bel | O2S.eeae Tita? + 2 
Sa ont ees 12.6 26) =) EER O2ZOoeeror 10.8 = 5 
saenaee 13.6 + SaaS Spl BOB Ow. see: 14.1 + 4 
Beaders LILA | eal LOM CO) WIPO Starry cic E77, — 5a 
eae 13.6 = a re TAN OS 2a I4.1 + 3 
ace II.9 + Sil isea brSrlivesaiane. Anat - 5 
eens 13.3 ae HE ae SallOsacn cree 13.9 — 4 
13.9 ap Ou at Bal OS5 seraels I1.9 oe 2 
so Need mz.6 | + 71+ 6 || 936... LS | aie 8 
atc enans 12.9 Ol i= eI KOs Zoe 13) == 5 
fit renake 13.5m] + 171 — TN ROB oan: 14.0 ae ate 
Pee ncAta 12.2 a Gules Sel MOSOsae 14.5 me eh 
Uplaece 12.6 + «12|—- I || 941 12.6 ate i Ved 
Mra 12.1 o| — I || 942.. 210 ° 
este sels 13.9 ae BS A\nO43500 Lay, = I 
gan Tied! + 4} — -, 22 |! 044... 1253 + 120 
sear aenees is Ge ey We eae Nv A ToS + 6 
tore 14.1 + Ij}— I || 946. II.9 aE 3 
13.2 + 6; + AOA Gas 13.6 — I 
eee ey + <mm4/+ I || 948... 13.6 —_ 5 
Hart eenys PG] + 7a E040: D2r + 6 
Paarl 1a + Bh 4 || 950 DE 4. + 2 
Beran 13.3 = 8 | — 10 || 951 11.8 aE 4 
Bice ches 13.6 | 7A \ tata Ou OG 2am TAT, = 6 
ee was 13.4 =- 34 = Onl VOSS se0 Tee ° 
ee 13.4 _ 8 | = 2 || 954... 12.7, = 2 
Sei or 13.8 Onl i Re MOS Sec 10.0 = 5 
vecunes 14.1 —- «wy 6 || 956... 13.9 + 18 
Gaines 1:2 Ol e== eee CAG Ro Oe IO G74 12.9 + 3 
m2 + |e hOno- 2 =e 3 
12-8) eS 3 1 ty BO O50. 5-7 le ae 
weer ye 9.4 eS Tall A Te | OOO: TLD2 = 2 
banca TH + 7 ee esa nO Odie 1322 ae 4 
Ct ee 12.8 Oli ell OO2se5 II a 
Spetie.d Tee} + 2 aici D HOO3.., 1 3 — : 
aire Tighe he + Sali ets 9 || 964... 10.6 == 5 
Sens 10.7 | + I | a> Pro: | 96s.) 13.8 | — 4 
Boss 8 I2.9 = \\ ae 2 || 966... II.4 = 9 
Sy tto TOME + i ae ear I Coens 6. The fo) 
CE iee ra Tis + OF ia Lon Rooomee uber = 3 
Bare TTA || ae Ae ar Sail Or Ounaen: 11.8 ° 
rvs tO CMa sites |lhraytorn . : 9.8 = 6 
Pees T 3h + 30] + Sil G7Aawi ae T2e = 5 
See Seneeeiien MEN MN SEE IN hah 


a 


Lal 
OntR ON NA TSAN 


Pictosl acre 


MOOT sce: 
TOOAY.\.< o-< 
1000... 


OOO: ster: 
TOLO. 0 ct 
LOL Eee 
TOES ye ok 
MOEA «its 


TOES. ee, 
EOTO. 
TOD hae 
LOL wets 
TOLOQ sa aris 


O20 ne 
TOO 2 eens 
O23 sen 
TOQA. na. 
MOOS ere 


INVESTIGATIONS ON PROPER MOTION 21 
TABLE VIIl—Continued 
Pg. Mag Ba Ms No. Pg. Mag. Hg M5 

13.8 | +o%009 | —o%004 || 1026 12.6 | +0%037 | —ooox 
13.8 =e ES 4 || 1027 Talat =e Ln |fe— 6 
£357 = Byala asetalll etePxe) II.9 Wr SUR 
ie ge + 4) + 3 || 1029 Ona It i= I 
£20 aH 6) + 4 || 1031 12.6 _ 2 |p — 22 -F2 
12.8 + 4) + 4 |} 1032 I1l.2 + <%mm1!1- 40 
14.6 _ 9|— 8 |] 1033. II.4 _ 2 — 23 
10.0 + 4 © || 1035. Tiger = Se |e 
Tepe + 4}+ 5 || 10306. I2.9 + hab 7 
rE.3 _ Ir} + I || 1037. 10.9 + 55|— 27 
3.9 |= ro o || 1038, 7.8 |= Onleets 5 
F355 > 5|+ it I040 12.6 _ 16} + 20 
13.8 + 9o|+ I || 1041. 1287, + 5 |/+ £410 
12.9 — «3m]|+ 6 || 1042. 7.4 + 62!]+ #28 
1 we — 4) + 8 || 1045. 14.7 + «mit 3 
10.8 _- 4|/-—- 8 || 1047. 10.6 + 4/|ct+ 8 
LG — 9 oO || 1050 E250 _ Vis |) 3 
8.8 oo}; — I IOSI Ted _ r}]t+ 8 
r5 — 34 /-++ 25 || 1055. 12.0 + s10/+ °#&4«916 
II.4 + 31+ 9 || 1056. 13.6 a YP) 8 
EA he + 5 © || 1057. Thos = 8 | + a1 
13.6 _ I|- 6 || 1058. 11.8 + 4/c+ Io 
1254 + 4 © |} 1059. I2.9 + 7\+ 9 
Bee + o}| + 8 || 1060 TAY) + Kn 3 
1302 os a 2 || 1061 10.4 | + 5 | 9 
T3 yA eh 3 leat 2 || 1062 ies | ae - eR jl oe 7 
12.9 | — r}/+ 7 || 1063. nee I Ge a Sr 3 
seo Nh 2 || = 3 || 1064. Ge |b Ge By = BS 
TEP — 3 o || 1065. I2.9 = Qi = 9 
10.3 = Bi Se 2 || 1066. 9.8 oj] + 3 
10.4 + r|+ I ||-1067. 1257 - r= 4 
£2. 3 o;| + 8 || 1068. I2.4 + 2|— 7 
10.0 | + 5|+ 7 || 1069. m2.7 | + 35 | + 3 
ne. 4 — en 7 OF 13.6 Se oe ee (ice ae 
9.6 = 1 | — 4 || 1072 13.8 =e Ae |e 3 
ESF ee 4973. 12.847 902 |e 
Ir.t a si- 12 || 1074. Ba IS + Oy j= I 
TiS = 2) \— 8 || 1075. Bee _ I) + 3 
£16 2 13 || 1076. Ameo + «Im13/+ 4 
io — an Vea 5 || 1077. Tons o}|— 5 
ree dabe4| bean?) | adie o || 1078. EES oe» 7 eee 
13.4 _ BI sey ato fan allo oo acouwe se 20) |" nawemers 
II.9 = | = 5 || 1079. 9.1 Cyl op 3 
On Age ets 18 [a2 On| TOSCO HBaG | <= Sh lie I 
12.8 = = 5 || 108z 13h _ 5 | I 
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ep ADRIAAN VAN MAANEN 


TABLE ViI—Continued 


No Pg, Mag Ha U5 No. Pg. Mag He U5 
1082... 10.8 | +0%002 | +0%003 || 1130 LIey, —ovor5 | —o"or0 
1083... ti + 6 2 || 1131 13.9 - ri I 
1084... DOCS Wet aS acto een ea 2 122 oO) | =" 4 22 
1085... 11.9 o| + 2 || 1133 14.5 Ll este I 
1086... 14.1 = 6) | lar 3 || 1134 9-3 fe ETF ill eee ni 
1087... 13.9 + 2 |) | Th ieees see 2s = 8] + i 
1088... I4.4 + 7), — aN EL 20s 12.9 — 106]+ 5 
1089.. 12.2 + 10] + Onl rans 72. ere =) ZO Ct) ee 
I09O.. 14.4 + CHA lisa 6 || 1138.. LAA + 8 | — “to 
IOQI.. 14.0 o| + 4 || I140.. 125 + ail as 2 
1092... 13.8 | 3 lo % eearar.. 12070) Se Soa ey 
1003... reap lL ae 2|— 6 || 1142.. 13.1 + 14m4{/+ 2 
1094... DTS | eae vial Wee ea 12.9 sie a ee) 4 
1095... 13.3 |-F 6] — 4 || 1144... 13.6 | + 24°) = 5 
1006... Dans; — Ty lua fO erEAsoa- 14.6 | + 17 )+ 7 
ROO7a0. tone = 8] + 6 || 1146.. 12570 | et Bile I 
1008... sigjatey (PS 9 | + ~10 |] 1148.. 12.6 + 2| -- to 
1099... 13.3 | — g9{/+ 5 || r150.. 12. O0N|fotz OM eae 5 
I100,. 10.0 _ 4} + 12 ]] 1151. noias + sit 4 
IIO1.. 12.4 | + 4|- see Os a ela 11.8 + if t+ 4 
II02.. Tak - r1{/— BulLES See 11.8 a fey Wie 228 
I103.. T3297 | ists Ona Quieres aces 8.5 =t-1) 20))|) —— eS 
IIO4.. I4.0 - “15 | + oo Aiea alse I1.i 24200 eC 
IIO5.. ey] + I] + Oni eee 5 One 14.4 + AN ene 
I106,. 13h — s| + Ori eres Fee 12.8 —— se Ol ee 
LIO7 ner: Sal fa ere Ko} eo 4 || 1158... 13.8 _ 42 ear) 
I108.. 14.2 + 423 =) SaalerEso:. T2E3 _ Sol —— Wia2 
IIIO.. I2.4 - 2 © || r1160.. Tae + fd roma | 3a 
TITTY, I4.0 + 71+ 3 || 1162. 12.8 | + 2\/— 3 
EET 2s Nga: Ol f= eere Ogee 13.4 = ih Se aie) 
TUNIC 13.8 + 313 | + So TuOAaar 9-5 = 7\+ 7 
LLLA.: 12.6 an Tc eLOn| lereO See 13.5 =— 2|+ I 
I1Is.. 8.6 + 4/+ SC etO6n. 5 nica + 165 |— 14 
TIN. 12.7 =— 35) iat OF LO 12.5 eh Oe ita 9 
1118... 13.9 - Sula 6 || 1168. 14.4 ata 5S |= 4 
TELO; «1: 13+9 = Biles 5 || rr69.. E23 = o{/+ 5 
II20.. TA.Of |) 013) |i) 22a err 7O. 10.9 — ils att 
TOT 14.0 - r{—- 27 ane ya, 14.4 Smee sea a| [ste 5 
iG 14.5 _ 5 On| Wiese. 14.1 ae oi+ 2 
To23 05 I2.4 = 6})/— OU ana ser I4.1 = $i{- 5 
TCA eretsie 13.5 — 2 | — Gp PE Ca 13.9 J. 7 + 17 
D2 Soe cane Que = 38.| — SiN tekere7 Omri 13.4 -—" 10) == ear 
Di 2O ose I4.5 ay) ed 2a RC cen ca Tony + 3] + 6 
DUT enevste rans mr 2 oe On| ELT Seas 13.6 = 2) |= 2 
LEW ao Tees = hh O4 | he OB mt bere O aaa 12.6 + rae 6 
SS a ea eg Wipe ciel Peven Nocrnl ER wl 
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INVESTIGATIONS ON PROPER MOTION 23 


TABLE VII—Continued 


No Pg Mag Ho Ms No Pg. Mag ay us 
1180, 12.0 | —o%o0o04 | —o%003 || 1232... 1r.3 | +0%008 | —o”oo2 
aS ts: ra 3 |e o (Poss cn E32 ° 7 
1182.. TAG oO |) => Sy ihat23 Sane 13.9 | + 7\— 26 
1183.. 12.3 |) r) + gf} 2236... 11.9 |+ 39|— 26 
r184.. 10.3 — 3 | + 2) th D238 7en. T3552 +) 13 |e-- I 
TESS: 13.8 ° Ol T2338... 1) 7) Se on 3 
1186... 14.0 | + r{— So leP2sO.n. 13.1 + 8) — 4 
EES 7... TF + 5i+ Sllel2aow. 12.4 | — 7|— 4 
1188... 14.5 + 2) + At] T24r.. Tr) + au}]+ I 
IIQO.. 1353 + 3\/-— 2eLoaot Aes = suc 7 
TIQl.. 10.8 + Depa tM S243 6.8 = LOr| 2 Le 
TIQ2.. 14.1 + 6);+ Sil T2444. 13.4 + 2)/— 10 
TEO3%. . 9.6 _ 3; + 8) || E2452. . Teo + 2{/+ 2 
LEOSo«.; ay + «9 ]\-- 20 || 31246. T2e3 + 6|— 7 
1196... ee Cee, 2 erin me cS A 75 1 Sse eis 
TIO. - 13.9 + 8] — 12 || 1248 Eoa7, + o|+ 12 
1198... 13.8 a= Sif 12s reer. 12.6 + 1] t+ 8 
IIQQ.. 22.8 | -- 4)-— 8 || 1252. TAG) + 1m5/|— Gi 
I200.. Taz + 2 © || 1253 10.4 | — o| + 8 
I201.. rai Bei} + 2)+ 6 || 1254. 12.7 — r]/+ 4 
I202,. 9.1 — «8)]+ Fi N| PALS. 7 13h —- im0}/+ 4 
1203.. 2 = SU ES dh e570. 132k + amu] t+ 4 
EZOS. «i: I4.0 + 4] — 10 ]| 1258.. T2262 _ 6;+ 1 
1206... £330 Ss 4a Oi F2nOS. 14.3 FAS e—3) 34: 
I207.. egg! — 2|— 5 || 1260.. I4.1 + _ 8 
1208.. 13.9 | + 5|— F ieE2OLe es 12.4 - 3|/+ 6 
I209.. ay. Wa) = 7 — TL 20 2 8.7 _ ir} + 4 
P2TO.. 10.9 _ 8} — 4 |) 1263... ries + 7) — 3 
LGA @ Bac 13.4 + I|-— Zr 2O4e Foes) -_ 7\= 4 
1214, 14.4 + 5| t+ 2 ii 1265... I4.0 + Cy tes 8 
ita Wie LEE = if \l = 9 || 1266. 12.8 + 2|— I 
1216.. cr euy + I|— 14 || 1267. I4.2 + 5|— «18 
in ee T1160 = 3|— 18 || 1268. L257 a LO 19 
1218.. 12.7 o|— 33 || 1269. £333 het 2/— 16 
1219.. 1B hehyp + 231+ 39 || 1270. 12.6 + 10] — 20 
E220... It.4 -—- «x2 |--- 25 |) T27r I4.4 + 7s | = 8 
TP22T.. 13.9 + 22]}-+ °&£2918 || 1272. 13.9 - || EA 
1222. see + ar} + 15 |] 1273 14.3 + 3] + 4 
2235. 12.9 ae r|— 14 || 1275 10.2 + Co shite) 
I224.. (6 = Esai Os | 2777 I4.0 + I0/ — 8 
T2205 a po ame) + «I1j}-+ 413 || 1278. 12k =) 10) ||") err 
1226.. neh WS oes IP Sie 9 || 1279. T203 + 7 \+ I 
12209.. 10.3 + 4}+ 14 |} 1280. 12.8 + 1) t+ it 
1230 12.5 oP oo 4 || 128z. TA + 24/— 24 
1238. ify se ol ee 8 || 1282. Eons ls 4} — 10 


147 


24 ADRIAAN VAN MAANEN 


TABLE ViIl—Continued 


No Pg. Mag Ha Hs No. Pg. Mag Hg ug 
1284.. 11.4 | +o"%oor | —o%o17 || 13390 13.9 | +0%006 | —o%o005 
1285.. hh + 3 | — 16 }| 1340 14.3 + 7|— 8 
1286... 13315 _ 2|— 3 || 1341. 14.5 <i A 7 
1288... ret + 4)/¢+ Bel aie ey 14.2 + 2)/+ 8 
1280... HE ap eR Se | Sieh aceyeey. 12500 sateen S| ee 
I290. Toon + 22|+ £28 || 1344. I4.0 + 48] — 9 
L291. 12.0 + ar} + I || 1346. I2.4 Es eee idl Wea 1 37/ 
1292. 0240 tae TOL Eero 47. 2a - 4|+ 5 
1204. 202 + 27| — 18 || 1348. 14.3 + 3|+ 6 
1205.. Ony, =) 913 |= 8 || 1349.. 13.9 + 18/] + T 
1206... 13035 |S 7103) =e eao or i352 + 14 ° 
1207... 13-5 + 28] — 9 |} 1353 8.7 + «xmwWi]-+ «12 
1208.. TL. 4%) 1 2 2 || 1354 ©2039) | ete ee eS 
I300.. Tn + 5 22 || 1355 12.6 sro" | — 9 
TZOrs. 10.2 = 6] — 23 || 1356 I4.7 =f OOn mane 
1302. Tar — Te — See asa 35'73 9-9 = OA ae —— oe 
1303. II.4 _ 6} — 29 || 1358. Ti ain || 6 
1304 1347 | e-toc ONES 50. sey |) are mi = 6 
1305. 250 ate ed As Ti anes OO 12.9 + 141° 2 
1306. 127, Oo} — 20 || 136r. Be — 2/— 18 
TO 7 eee 13.9 =) TAs 23) are02 OS —- 10) = to 
DsOSae TENS Se Phe) 38 || 1363 14.1 = We 6/— 40 
DOO. - 13.9 = 4a) — ea (ps4) 14.6 + I4|— 23 
TSLOs, Dory, ae 8j— 12 || 1366 1373 = 522°) — 3 
T3102. 1305 ae VP ETI rei, 1255 + «32/]— I 
TERRI 5 A 13.6 + 10 8 || 1368 13.4 — «m2]-— 4 
LBA s I2.4 + 7/— 6 || 1369 r23 _ 6; + 3 
Pe05ee 13.4 —- t10;/+ 9 || 1370 10.8 —y 74. ||| — Od 
LGR Ary 3 Tia + 24 | '-+- 9 || 1371 I3.9 _ 6 ° 
Lig RoR 14.5 4 8 | — 20 || 1372 10.8 Sm) BAS 9 
I319.. II.4 o}| — To(Pr373. 13.1 SS. Beri Se 6 
1320.. ieyAl | ae Ajit eget 2e ens 7A. 12.9 |--— Gall ae iat: 
D321... 14.4 =| Oy Se adeyel (Paris. GA = Dil eats 9 
T3222, TBAT _ Smeets 8 || 1376 12.8 Oo} + 8 
maa 12.9 =_ Thy ae Aa ers7 7 I2.9 o| — 3 
OM anc 13.2 - 2|/+ 4 || 1378. T3204 _ r1/-+ 10 
O25 eat 11.6 o}| + On| (ene'70% 1S) = ieap GE 5 
1327 men? ae Pe el ee ll secrete 12.3 + 45) — 2 
1320 Ela = 5 o || 1381. T3237 + 6) — I 
1330 12.0 a Ailes 5 |} 1382 12.8 a Son ee 
TOU aeieters 14.1 + 2|+ Zain ta Soe LUNG) = i] + ay 
1335----- 13.1 — 2 t—— aac Aa Te OA wns 13-5 | + 30] + 4 
mes One t1.3 + 2)— Ad |exso Serene I2.6 ale 8) + 6 
TBR Bid no? I4.2 a) 54 p— a) LOrl| =a SOuee 12.6 am eet 5 
0338s | et 2s Ol eet 4|— Bl ae EH eno 13.4 |— 12|— 26 
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TABLE VII—Continued 


Pg. Mag. Ha Ms No. Pg. Mag. He 
A +0%023 | —o”002 || 1440.... 12.6 +0" 006 
<3 + 36 |7— Onl haa taan. Tr ge + I 
2 + «319/- tad Oa as 11.6 + 6 
.6 + 16/]+ BEANS ce TOR + 3 
COM eis sallSr Ballad sree 12.8 |+ 17 
2 + 0; Oe TAd eaees money, + 18 
9 + «12]- SP le iday ens 12.6 + 20 
° o| + Ba PEAA Once: 14.3 oo 
5 _ wt 7 li L4AAOs is I1.3 + 2 
5 —- mz} + Eel |wAS Onna I1.g + 3 
<3 _ Te | 6) 5 Tuer Teed —_ 3 
ay - Sa ic ek 2 ae L3in2 + 6 
8 - 2h — eet on LAS Aven. I4.2 + if 
52 + 76| — ie eAS Geter 14.5 + 2 
ca _ an Ta | eA Oster TL. + 3 
rE —- «mm4/=- Oullela 5 fener roma: + 25 
SE = Si + AH) P45 Ss0cr 1257 eed: 
ae) + 8} — an ||) Bees 5 14.6 — -16 
Bj _ © P-5 en 2N| | E400... Any + 22 
me - Slt ha | EAOR Sane 12.5 + 9 
nS — 8) + Walt GAO Qaaee I3.4 + 16 
73 + s1r0O/]+ © |\PrA6se en 12.6 + 16 
=x — 2 -4- £4 ||) 2464505. 9.90 | + I 
a5 — rj + VN ePAGS ae. 14.0 + 20 
WB + 31 + Ba WeraOOve iN} + 21 
6 + 6] — rr || 1468)... I2.1 - 7 
6 + Ay tO, |i 400.4. rie Wet <i | 0 
6 je 25 i — ene 4'7 Ose. 14.6 —- 47 
8 —- ir | — Taal letra y eee 1Wne — iI5 
9 + 28] + jaalll selene i as — 20 
7 + s{|+ Bl sy Mlss «6 I2.0 + 15 
9 + am)+ Onllka 7S tere I2.0 — 10 
<5 Se Soles era iets 70nae TOn7 - 5 
7) + 1] + AW MAT Tene 9.6 — 16 
ie; + % OMe D4 70m W2ee ° 
~ ae oe 8 |} 1480.... iPod + 17 
cOuele ten 65S) (k—s OK erases. 13.6 — 3 
.0 + oS | — OUWTAS2 en tye ap I 
3 —  26|,— 25 |} 1483.... ie + 22 
8 = 25) |\ == 20 || 1484.... aig a = 4 
6 — 28] — 23 || 1485.... WO \)oe 42 
.6 EF | — 224) T4860... TAY = 9 
ae Ae | 24 4872 12.0; + 14 
a = ih ae Sy lll ietkersnoe s T2e7) + 30 
#7} + 28] — 28 || 1480.... 10.3 + 1 
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TABLE VIiIl—Continued 


No. Pg. Mag. pis ug No. Pg. Mag. Ha us 
T4003 13.1 | +0%028 | +0%025 || 1527 11.9 | —o%002 | —o%o09 
TAQT 2s eels Tee, + Out) esallinns25 12.8 - 5|— 3 
TAG 2 crete 9.6 + 8) + 8 || 15290 10.5 — 14) — I 
TAQS.peic S|) 42 Uiletroe sO aimee Loos 11.9 | + 147] — 100 
TAQ5ecias 10.3 -- 2|+ 13 |} 1531. 13.9 _ 3). 4 
TA00...4- « 5 rete Wl i BENS Men mrallaoecontyst _ Bill Shotareleiereteay 
pone AA =_ Oo i—— TOU T5335 0. 10.9 = 5 | 7 
TAOS, eine 12.8 _ 2) = On ens sacar 12.8 - 65] = 4 
TAOQs1 a 00s Lh 2 al Aa ae aa S 215 ote 8.7 + tT | = 3 
TSOO..a. « 13.4 = 23) (0=—= rss 36-2. TD. Ds + Bi |) = I 
TSOT ae eof! = 28 ET Es Sen 9.0 _ 4)-+ i 
esee Tea + 26} + 15 |} 1538... eh fe jo) Saal te 7 
ESOS veel EO. 4 ae eO Dre |erssou MeO) |e yh || = 9 
ESOAt aos Tigi) + Q | 2 Urol 154007 14.0 | + 29] — 5 
TSOO: nr £30800 |e ste2o Ou} 154 torr 13.5 oe erS) |e eo 
TG O jee ote 13.8 | + 56] — 14 || 1542. TO.0 | te 754 aes 
TSOSset is O58 |e brZ8 lice Os Prs4 3: 13.7) | oe at |e 5 
£5 OO sae 7.9 + 264] — 203 |] 1544. HOES + 19)-+ 22 
Sil Opens 12.8 + 4|c+ FAN Teac. ie + «i12/-+ 121 
AS Bee Cine 13.6 | + 4/—- 5 || 1546. 10.5 + 8) + 9 
TSU 2s 13040 | em 24" 9 || 1547. 14:0 || -- 33 || == 926 
PSUS soe: 13.5 Be talc 4 || 1548. I1.9 ae ADM 3H) 
UGTA. 12.6 ey 225. tomer cOullure 40s i169 3t8) Be Sea ke 
DSL 5 ccc Ties =f Ty) | aol ee Onl eG Sa 12.9 cir SYPA\ sare 7 
ESL Oso 10.7 Ge ee | ae axle sete 11.9 =f) GOnl eee 
OCD © Ao Ba Or ath as Bee Set pees oso ae 1553 11.6 + <«l\+ 24 
TAG Mclo 6.6 ita = we eeLOn lit ae Os eh Reale 13.4 ap 2 ap 5 
TS TOs oie ate 12.5 ato oak te eee TER SOs 12.52 =f tO) He 9 
EG 2 Ou eC Wa | ON oe” eyed Paes DOO) |iiste Eel Peps oie: 
EG 20 DT Sy icteric ae i |e 9-9 = cae, a 
M522. heer 12.9 a 260i) One TE GO 11.6 — 34] — 9 
MIS 2 3) tee. Ege i 32 toe. ees One I0.2 = Meo Sit 
TS 2A Guo: 5 + 16| — 5 || 1563 On7 ee | 
DS 25sec II.9 + Ee | erie MN eS an illeyrac ates Giollod aniornoo-¢ 
TiS 20 see oes 10.1 = US Coe | ae ian Wiarton Reacratiae 5.5|le cicias soc 


Table VII gives the absolute motions of the 1418 stars of 
Uirecht, 5. For convenience we have kept the original numbering, 
although several numbers are missing which originally had been 
assigned to stars visible only on the first plate measured. The 
second column gives the photographic magnitude; the last two 
columns give the final values of uw, and ps5. 
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V. THE DISTRIBUTION OF THE PROPER MOTIONS OF THE 
NON-MEMBERS OF THE GROUP 


Even now we cannot decide with certainty whether any indi- 
vidual star belongs to the cluster or not. The best evidence that 
a star is a member of the group is a small proper motion and a 
radial velocity of about —40km/sec. The velocities, however, 
are known only for the brighter stars. The condensation of the 
stars near the two clusters is so large that many of them must belong 
to the group. 

If, however, we exclude stars which on account of their radial 
velocities are probably members of the cluster, and also all stars 
within an area of 1° in right ascension and 35’ in declination includ- 
ing the two centers, we have 768 left, of which probably only a 
small percentage are members of the group. The numbers in 
Uirecht, 5, for these 768 stars are given in Table VIII. 


TABLE VIII 
PtQe <4 432 to 469 882 to 920 1248 to 1261 
6 to 39 536 to 554 I00g to 1059 1263 
40 to 130 584 I102 to 1114 1265 to 1463 
164 to 192 586 to 612 I1i7 to 1152 1465 to 1536 
248 to 269 637 to 680 I195 to 1242 1538 to 1561 
322 to 343 734 to 772 1244 to 1246 


For these we first derive the mean p, and uy; for different intervals 
of magnitude. The results are collected in Table IX. 


TABLE IX 
Pg. Mag. Ha u5 n # parall. Mr 

Te Se RE: +0%078 —o"o4o 4 +0%084 +o"o21 
DBO) OQ ies es eieseieche says +0.007 +o.0o01 4 +0.004 +0.005 
GEO OF Orisias a6 sia as +0.024 —0.012 28 +o0.026 +0.007 
THOMORTOS Osc, 35 (002 o3:0 50 aps +0.004 —0.003 73 +0.005 0.000 
TOT Orta ctstale.- ler ies +0.007 —0.004 135 +0.008 +0.002 
BONO T De Oe ls Saltire oy +0.004 —0.002 234 +0.004 +0.001 
MGR O—TSy Oleic cic.s oolsves <4 +0.005 —0.00oI 221 +o.004 +0.003 
AO UA Ochs edie prevears6 3 +o.o11 —o.006 69 +o.012 +0.003 


From the mean values of uw, and yp; for the different magnitudes 
we can derive the amount of the motion in the direction of the 
antapex and that at right angles to it (y,). 
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In Utrecht, 5, page 46, the statement was made that the stars 
seemed to have a preference of motion in the direction of the apex. 
By improving the data through additional observations we have 
been able to get rid of this abnormal result. Table IX gives 
in the last two columns the values of the parallactic motion and of 
u,. It is clear that the mean motions are practically all in the 
direction of the sun’s antapex. 


Fic. 2.—Distribution of proper motions of stars near h and x Persei. Distances 
of points on the outer curve from the origin indicate the total motion in different 
directions; corresponding distances for the inner curve represent the numbers of 
stars having proper motions in these directions. 


The distribution of the proper motions is shown in Figure 2. 
To construct this the number of stars and the total motion were 
determined for sectors of 15°; then, to smooth the curves, over- 
lapping means for three successive sectors were formed. In order 
to avoid the influence of the large proper motions, stars with 
§@2oo50 were excluded. The inner curve shows the numbers of 
stars having motions in each sector, and the outer curve the total 
motion in the different directions. 

Finally we may derive for these 768 stars, which most likely do 
not belong to the clusters, a table showing the distribution of the 
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numbers of stars between certain limits of magnitude and proper 
motion. The results are given in Table X. 


TABLE X 


a 
MAGNITUDE AND PROPER MoTION—NUMBERS OF STARS 


| 

B 6.9-7.9|8.0-8.9|9.0-90.9 Toe a si ree % 5 ei v Total 
©.000-07%009..... I 2 3 26 38 67 60 reek ai: 
O=TOFO-OVORO: 2: 5 I I II 28 47 05 04 31 308 
O3O20-0.029.....% ° I 5 7 28 42 40 II 140 
OEO20-0.030....~ - ° ° 2 8 I5 19 13 5 62 
OL OAO-OLO4G os « & ° ° ° I 5 9 4 3 Ze 
©.050-0.059 ° ° 3 I ° ° I 2 7 
0.060-0.069..... I ° ° ° fo) I I ° 3 
OFO7FO-O-O70% .. .- ° ° ° I ° I I ° 3 
0. OS0-0..080 ss ° ° 2 ° ° I ° I 4 
©.090-0.099..... ° ° ° I ° ° ° ° I 
OF EOG-O- FAQ a )< « ° ° I ° ° fo) I I 3 
OeESO-OsTOO ss. «2 ° ° ° ° I ° ° ° I 
On200—0.240\. 2.1: ° ° ° ° ° ° ° ° ° 
©. 250-0.200....- ° ° ° ° ° ° ° ° ° 
Ge3O0-O.SA0).,. « + « I ° ° ° ° ° ° ° I 
OEZ80-O.3000 2 4. ° ° I ° ° ° ° ° I 
ERG EaL pte ca 4 4 28 73 Hey | 8G 221 69 768 


In Utrecht, 5, attention was called to the fact that in the corre- 
sponding table of distribution (p. 43), the largest number of proper 
motions was found, not between the limits o%000 and o”%oog, but 
between o”010 and o"”o1g. ‘The effect is less evident in the present 
table. This result is not unexpected, however, since it is probably 
due to the influence of the accidental errors in the proper motions, 
as was shown in Mount Wilson Contribution, No. 168, page 12. 


Mount WILSON OBSERVATORY 
November 15, 1920 
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OBSERVATIONS OF THE NEBULAR LINES IN 
THE SPECTRUM OF THE LONG-PERIOD 
VARIABLE STAR R AQUARII 


By PAUL W. MERRILL 
ABSTRACT 


Discovery of nebular lines in the spectrum of R Aquarii.—This star has a typical 
Md spectrum similar to that of about 85 per cent of all long-period variable stars. In 
October, 1919, the bright nebular lines \ 4363, 4658, 4959 N2, and 5007 Ny, and the 
helium line \ 4471, which also occurs in nebulae, were found to be superposed on 
the Md spectrum. Later observations have shown that these lines do not share in the 
changes of intensity exhibited by the light of the variable star, although they appear to 
emanate from the same object. ; 

Intensities and displacements of the Md and nebular lines are given in Table I. 

R Aquarii (R.A. 1900 = 23°38™6, Dec. 1900 = — 15°50’) has been 
known as a variable star since 1811. The photometric data, 
according to the Harvard College Observatory, are as follows: 
maximum magnitude 6.2; minimum magnitude 11.0; period 
385.5 days. The same authority states that R Aquarii has the 
broadest minimum of 75 long-period variables whose light curves 
were carefully studied. Its mean light-curve has a broad, flat 
minimum and a very rapid rise to maximum. 

The Harvard objective-prism photographs have shown the 
spectrum to be of the same class as that of 85 per cent of the long- 
period variables, namely, Md. Spectra of this class are marked by 
bright hydrogen lines superposed upon a continuous spectrum 
which is notched by numerous absorption bands of titanium oxide. 
Variations in the relative intensities of the bright Hy and Hé lines 
are common in Md spectra, and have been found in the spectrum of 
R Aquaril. 

So far as known, the first slit spectrogram of this object was 
secured on October 16, 1919, with a single-prism spectrograph 
attached to the 1oo-inch Hooker telescope. This showed, in 
addition to the usual Md spectrum, several bright lines character- 
istic of gaseous nebulae. Three such lines were conspicuous, namely, 
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X 5007 N;, 44959 Nz, and 4363, while 4 4658 and d 4471 He 
were faintly visible. 

On this date the star was of magnitude 8.3; during the next 
fifteen days it brightened rapidly, and then remained nearly 
constant at magnitude 6.9 for about two months, after which a 
rapid decline took place.t This maximum appears to have been 
unusually broad and flat. The spectrographic observations 
following October 16, 1919, showed that the nebular lines did not 
share in the increase in intensity exhibited by the bright lines of 
the Md spectrum. No well-exposed plate was secured in the 
short interval after maximum before the star was lost in the evening 
sky, but such plates as were obtained indicated that the nebular 
lines had begun to regain their previous intensities with respect 
to the Md spectrum. By the time observations could be resumed 
in the morning sky in June, 1920, the star had faded to the tenth 
magnitude and was not much above its minimum brightness. 
Nevertheless, the chief nebular lines could be photographed with 
about the same exposure times as at maximum, although the 
continuous spectrum was practically absent, even with considerably 
longer exposures. Plate III reproduces four spectrograms. 

The approximate relative intensities of the emission lines as 
photographed with a single dense flint prism on Seed 30 plates are 
given in Table I. 

The Md spectrum of R Aquarii near maximum light contains 
the bright hydrogen lines H8, Hy, and Hd, which are superposed 
upon corresponding bright lines associated with the nebular 
spectrum. This is made clear by a study of the manner in which 
the intensities and displacements of these lines vary during the 
light cycle. At maximum the Hy and H6 lines of the Md spectrum 
are many times as strong as the corresponding nebular Hy and Hé 
lines, but at minimum they appear to be of negligible strength 
compared with these nebular lines. The relative intensities of 
the hydrogen lines in the Md spectrum of R Aquarii at maximum 
and the disappearance of these lines at minimum are not at all 
unusual for this type of spectrum. The bright magnesium line 


* Mr. Leon Campbell, of Harvard College Observatory, has kindly supplied the 
photometric data. 
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4571, which was observed in the spectrum of R Aquarii at 
minimum, is characteristic of Md stars at this phase. 

The relative intensities of the lines in the nebular spectrum do 
not appear to be precisely matched in any nebula observed by 
Wright? although there“are several objects in his list that are 
similar in some particulars. The decrease in intensity in the 
Balmer series of hydrogen in passing from Hy to Hé is rapid as 
compared with the nebulae. Other noteworthy features are the 
strength of \ 4363, the presence of \ 4658, and the absence (or 


TABLE I 
INTENSITIES AND DISPLACEMENTS OF LINES IN THE SPECTRUM OF R AQUARII 


INTENSITIES DISPLACEMENTS (km/sec.) 
Wave-LEencTHe ADENTIFICATION)S |= tobe et eee eee 
a Nebular | Md (max.)| Nebular | Md 

TOCA cote. sraislslava seis Hé I 60 (— 6) —32 
RAO AT eases 30s 305508 Hy 5 30 —12 —33 
RGR e ERC Se ssa Ghee Nebular Be ones = 25) Wigweeeties 
PAT ECAORS wooo ta croie sas He Te me aera (=10) alice eter 
AGH Rit 8 CPO RC Mg Peevon|l cate eee Ieee (—34) 
BOGOR Soe eitieceas canes Nebular Tee Ml aoe ($15) 2lhaetaceete 
VGESG Cie oe Nee Hg Io 5 TO |i. secleeeiers 
BUSS OL Teresi ae cova ects Nebular (N,) Tis Ulin see =) 7 Wendover 
5006.84f............-| Nebular (N;,) eee Wag gacna Cy fae i ceo 
PRSSSOVPLIOI NES co crv ste |'sfavaystenerseisierciacere ipiecerehcreias cs a] acchersve aac cverereuteieters —I19 


* Wright, Publications of the Lick Observatory, 13, 183, 1918. 
t+ Campbell and Moore, Lick Observatory Bulletins, 9, 9, 1916. 


relative weakness) of \ 4686. An additional nebular line, \ 3869, 
was observed in the spectrum of R Aquarii by Moore? at the Lick 
Observatory on November 3, 1919. Light of this wave-length is 
strongly absorbed by the dense flint glass of the Mount Wilson 
spectrographs, but faint traces of the line appear to be present on 
spectrograms taken here on October 17 and December 14, 19109, 
and September 2, 1920. Wright has made some very interesting 
comments‘ on the absence of the companion line \ 3967, and on 
some other features of this spectrum. 

t Mt. Wilson Contr., No. 200; Astrophysical Journal, 52, 185, 1921. 

2 Publications of the Lick Observatory, 13, 183, 1918. 

3 Publications Astronomical Society of the Pacific, 31, 309, 1919. 

4 hid. 
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In spite of the extraordinary nature of this combination spec- 
trum, various observations appear to show that the nebular lines 
and the Md spectrum both emanate from the same star. Notes on 
these observations have been published‘ and need not be repeated 
here. Radial-velocity data bear on this question, but the measure- 
ments made at Mount Wilson and given in Table I do not as yet 
afford conclusive evidence concerning the nature of the connection 
between the two spectra. The values in the table, with the 
exception of those in parentheses, depend upon from seven to 
eighteen one-prism plates, and should not be much in error. H6 
and the chief nebular lines are in a part of the spectrum which is 
somewhat unfavorable for accurate measurement, but tests on 
N.G.C. 7027 and on bright-line stars show that no considerable 
systematic error is to be expected. All the lines associated with 
the nebular spectrum probably give the same displacement within 
errors of measurement, except 4363, which is shifted toward the 
violet by 0.2 A. It is improbable that Wright’s value of the 
wave-length (4363.21 IA) is in error by so large an amount. 
The lines of the Md spectrum exhibit perfectly typical behavior, 
the same relative displacement of about 14 km between bright 
and dark lines having been found in o Ceti and in many other Md 
stars. 

The principal facts concerning the line displacements in the 
spectrum of R Aquarii may be summarized as follows: 


Med bright lines. 7.0.07. -6 se eee — 33 km/sec. 
N436sh nebular er eee soe ee mee —25 
Mdiabsorptionilinesiim. sss eniiese —I19 
Nebular lines, except \ 4363........... —10 


The displacements are expressed in kilometers per second merely 
for convenience. The cause of the differences is not obvious; 
they may or may not be due to relative motion. One does not 
readily believe that the object is a long-period binary with an 
Md star for one component and a planetary nebula for the other. 

The question as to whether in Md stars in general the bright 
lines, or the dark lines, or neither, yield the correct radial velocity 

* Wright, Publications Astronomical Society of the Pacific, 31, 309, 1919; Merrill, 


abid., 31, 305, 1919, and 32, 247, 1920. 
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of the star is an important one. It is hoped that a statistical 
investigation, observations for which are now being secured, will 
indicate the solution. Perhaps the behavior of the nebular lines 
in R Aquarii will throw a side light on this puzzling phenomenon. 

It would be of great interest to know whether the nebular lines 
have been present in the spectrum of R Aquarii for many years 
past, or whether they are the results of some recent outburst. 
The Harvard record, consisting of objective-prism spectrograms 
of small dispersion, dates from 1893. The fact that the nebular 
lines are not observable on the Harvard plates, even on those 
made at minimum light when the continuous spectrum would be 
very weak, tends to show that they have not been so strong at all 
times as they have been recently; but the evidence is perhaps 
not quite conclusive. 

At present we have so little knowledge of the chemical and 
physical interpretation of the nebular lines that the meaning of 
their presence in R Aquarii cannot be stated. Since the Md 
spectrum probably arises under low-temperature conditions, the 
possibility of the production of the chief nebular lines N, and N, 
and of \ 4363 without intense conditions of excitation is suggested. 
It may be of significance in this connection that \ 4686, which in 
the laboratory requires high excitation for its production, has not 
been observed in R Aquarii. Laboratory experiments on long 
columns of gases under low excitation might not be amiss. 


Mount WILtson OBSERVATORY 
March 1921 
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IDENTIFICATION OF“AIR LINES IN SPARK SPECTRA 
FROM 25927 TO 8683 


By PAUL W. MERRILL, F. L. HOPPER, anp CLYDE R. KEITH 


ABSTRACT 
_ Spectrum of condensed spark in air and in oxygen, d 5927 to \ 8683.—By operat- 
ing the spark alternately in oxygen and in air, the lines due to oxygen have been 
identified. The remaining air lines, except a few argon lines, are ascribed to mitrogen. 
The work confirms numerous identifications made by other observers using vacuum 
tubes, and adds some identifications not previously available. 

Experiments in continuation of those previously performed by 
one of the authors" have been carried out to determine the chemical 
identifications of the air lines from \ 5927 to 8683 in spark spectra. 

The spark chamber, consisting of a glass bulb, was connected 
with an air pump and an oxygen apparatus in such a way that it 
could be filled either with air or with oxygen. The oxygen was gen- 
erated by heating potassium permanganate and was purified by 
passage through caustic potash, calcium chloride, and phosphorus 
pentoxide. The photographic exposures were so arranged that the 
spectrum of the spark in air appeared on the negative close beside 
that of the same spark in oxygen, thus facilitating a comparison 
of the relative intensities of the lines. The pressure in the spark 
chamber was equal to one atmosphere in all cases. Several sets 
of comparisons were made with copper electrodes, and one with 
carbon (Acheson graphite) electrodes. All gave accordant indica- 
tions of the identification of the air lines. 

The second and fifth columns in Table I give our observations 
of the changes in relative intensities of the lines produced by the 
spark in oxygen as compared with the spark in air, w and s indicat- 
ing weakened and strengthened, respectively. Of lines for which 
other identifications are available, those due to argon and nitrogen 
are weakened, while those due to oxygen are strengthened. Among 
the remaining lines, those weakened are believed to be due to 
nitrogen, and those strengthened to oxygen. 

Contributions from the Mount Wilson Observatory, No. 183; Astrophysicay 


Journal, 51, 211, 1920. 


161] I 


2 P. W. MERRILL, F. L. HOPPER, AND C, R. KEITH 


One line, \ 6370.92, should be removed from the previous 
list,” as it is probably due to silicon, while a nitrogen line at about 
6341.5 Ashould be added, asit is observablein air. It undoubtedly 
corresponds to a line observed at 6340.84 A by Porlezza in a 
nitrogen tube. 


TABLE I 
RELATIVE INTENSITIES OF SPARK LINES IN AIR AND IN OXYGEN 


Ain Air, TA Oxygen Vacuum Tubes din Air, LA Oxygen Vacuum Tubes 
ROZTEOS Rei w N* TAZAQOA, alesis Wi !atecca reve ee era ene 
og piayfsgncnk w N* TAA Ota teh UW) lake eieranuctchomtetetete 
BOAWAS Aa w N* YAO8 72.5085 90"! Fe. essyatetees ener 
BOSS Sure Ae w NP wereall [eS ata ace per aetears Ss O 7476.58t 
OTE SMT ian Ss OR IT Ninetea cher sea eterno Ss fO 7479.23f 
OL OMe QO) Net Nae Maes OLA thal IAM cera aoe oles toee LOM TAS rnere 
62842220 oe w N* FOSS Once w A 
(6341.5) w Ni) 163405 844 7772007 nee 5 O 
Os5Se eset: w N* DHE Meh AS icicle Ss O 
(6370002) amtalcretsnoncar See note Heb iitoles tone Ss O 
O270r S2auen w N* TOA RSS tds Ss O 7947.58t 
GAS OM ner. Ss Ot TORT el Ore uc Ss O 7950.84f 
6482.054 w N* TOO Y co ceeie s O 7952.22} 
COTO2202 nee w N* SEOs 20 nies en Waseiesrscee 1015 55 
GOZ0%7 0 ure PS Sor Cake ee eA Teh eter an STSSnAZ eves Wy Sars Sal rete IO 
6054278) en Sly Us eee steyevehersneperses S200 N72 era Ws | aie vera sveneate ears 
O72TNaG shes ‘SH8 Ul sicayaie) eketehoneweneet S2U Talo eat Wik Nata wntemlenetae 
OS87 7 Olen WT PN Saeed ne by cteonmhekete S2t One anerer QDS NN Sica aye oma eee een 
Gosonmuninyay. W257 | Goes ves BrauRiece eieas | laa eRe s O 8221.84t 
60052052 w A S222 7AG seen Wo |S Sey seco 
(7007) eee s O 7o02t S2Z0n couse s O 8230.05t 
TOOT OMe c/a Ua eh aoe Vinar oh, cat cannons) Ao S ON82z37 058 
705 723 Osis Ss O? S24 en Somme Wie 1A arene Oe onteeete 
Ley Me AIMEE Ss Om 72547 S4A0nSA cen S O 
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* Porlezza, Aiti R. Accademia dei Lincei, Serie 5, 20, 584, 1911. 
t Runge and Paschen, Annalen der Physik, 61, 641, 1897; 27, 562, 1908. 
t Kiess, Popular Astronomy, 29, 18, 1921. 


NOTES 


6158 Very broad, probably double or triple; includes \ 6160.72. 
6171.0 Bread, probably double or triple. 
6370.92 Not an air line; probably Si. 
7007 Very, very hazy. 


Mount WILSON OBSERVATORY 
February 1921 
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ON SYSTEMATIC DISPLACEMENTS OF LINES IN 
SPECTRA OF VENUS 


By CHARLES E. ST. JOHN anp SETH B. NICHOLSON 


Systematic displacements of the solar lines in spectra of Venus.—Under certain 
conditions of observation there are line displacements to the violet of a few thousandths 
of an angstrom when comparison is made with the position of the lines in the spectrum 
of integrated skylight. Other conditions remaining constant, the displacements are 
greater at low than at high altitudes. 

Atmospheric refraction.—The correlation with the altitude at the time of observa- 
tion points to refraction as the controlling factor rather than to a repulsive “‘earth- 
effect” acting on the solar vapors as suggested by Evershed. The altitude correlation 
is represented by A\to~3=1.4—1.0coth. The residuals, after removing the effect 
depending upon altitude, correlate equally well with the semidiameter D of Venus, 
the phase angle 7, or the angle VSE. The observations are satisfactorily represented 
by the relation AA1o~3=1 Boe ey oe Ms 
the observed displacements are caused by unsymmetrical illumination of the slit due 
to the separation of the visual and photographic images by atmospheric refraction, 
and that the unequal illumination is a function of the diameter of the image and the 
width of the slit. 

Superposed skylight—Spectroscopic observations of Venus beginning at sunset 
or ending at sunrise are not measurably affected by superposed skylight. 


which is deduced from the assumption that 


I. INTRODUCTION 


Evershed and Royds have proposed an interpretation of the 
differences between terrestrial and solar wave-lengths* based solely 
on radial velocity. They assume that the solar gases at all points 
on the sun are receding from the earth. This means, they say, an 
‘‘earth-effect””—an actual repulsion of the solar gases by the earth, 
and not by other planets. Through such earth-induced move- 
ments of the solar vapors Evershed has attempted to explain dis- 
placements of the Fraunhofer lines at the center, over the disk, 
and at the limb of the sun, discarding interpretations involving 
pressure-effects, radial convection currents, anomalous dispersion, 
and the Einstein gravitational shift.2, No explanation of an “‘earth- 
effect” is suggested and the arbitrary and extraordinary nature of 


1 Kodaikanal Observatory Bulletin, No. 39, 1910. 
2 Observatory, 43, 153, 1920. 
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the assumption is recognized; yet Evershed is so convinced of its 
reality that he says," ‘Whether we like it or not, it seems necessary 
to admit that the Earth does affect the Sun, causing a movement 
of the gases analogous to that taking place in a comet.” This 
view he believes is confirmed by his observations upon the spectrum 
of Venus. The idea of an apparent “‘earth-effect” upon solar 
phenomena is not new. Sykora? in 1897 called attention to a pre- 
dominance of eastern prominences, and in 1907 Mrs. Maunder’s 
paper ‘‘An Apparent Influence of the Earth on the Numbers and 
Areas of Sun-Spots in the Cycle 1889-1901” was communicated to 
the Royal Astronomical Society.’ 

According.to Evershed’s assumption, the displacements observed 
in the light from the earth-facing hemisphere of the sun should 
differ from those observed in the light from any other hemisphere; 
for example, from the hemisphere facing Venus. 

He finds that when the angle Venus-sun-earth is small the 
wave-lengths in the spectrum of Venus are slightly shorter than 
those in direct sunlight; that this difference increases as the angle 
VSE increases; that when the angle is go° the shortening equals 
the difference, sun minus arc, the wave-lengths from Venus and in 
the terrestrial source then becoming equal; and that for larger 
angles the displacements relative to the arc are to the violet; that 
is, in the light from the earth-facing hemisphere of the sun the 
Fraunhofer lines are displaced toward longer wave-lengths, while 
in the light from the opposite hemisphere the displacements are 
toward the violet when compared with the terrestrial source. In 
order to obtain independent observational data bearing upon 
these extraordinary results, we have carried out two series of 
observations, the first in 1919 with Venus east of the sun, and the 
second in 1919-1920 with Venus west of the sun. 


II. INSTRUMENTS AND METHODS 


The observations were made with the Snow telescope of 60-foot 
focus in connection with a Littrow grating-spectrograph, focus 
Observatory, 42, 52, 1910. 
? Memorie della Societd degli Spettroscopisti Italiani, 26, 161, 1897. 
3 Monthly Notices, 67, 451, 1907. 4 Observatory, 43, 156, 1920. 
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18 feet. The horizontal beam from the 2-foot concave mirror is 
directed downward by a 45° flat upon the slit of the spectrograph 
installed in the constant-temperature pit recently added to the 
equipment of the Snow telescope. The diameter of the image of 
Venus varied from 1.3 to*3.3mm. The slit was 0.05 mm wide, 
its position being, in general, approximately normal to the termi- 
nator. The grating was ruled by Anderson and kindly loaned by 
Professor R. W. Wood, of the Johns Hopkins Physical Laboratory. 
The ruled surface is 95 mm X170 mm; it is very bright in the first 
order and, as used, gives a linear dispersion of 3A permm. The 
collimating lens has an aperture of 6 inches. 

Exposures were made upon the iron arc simultaneously with 
exposures upon Venus, the sky, or the center of the sun. In 
1919 the center of an enlarged image of the arc was projected 
upon the slit, the intensity being controlled by a rotating sector 
and ray filter. In the second series a ground glass was placed in 
front of the arc, and the integrated light was used. Any errors 
in the wave-lengths of the reference lines would affect the measure- 
ments of Venus and of the sky in the same way, leaving the relative 
wave-lengths dependable. ‘The iron lines in Table I were used as 
standards of reference. 


TABLE I 
REFERENCE LINES—INTERNATIONAL SYSTEM 
4375-9344 4466.557A 4592.658A 
4407.716 4494. 570 4625.054 
4427.314 4525.146 4647.440 
4447.724 4547.854 4667. 461 


The wave-lengths of 30 lines were measured in the spectra of 
the center of the sun, of skylight, and of Venus. The spectro- 
grams were measured red right and red left and reduced by identical 
methods. In all, 56 spectrograms of Venus were secured, 41 of the 
sky, and 9 of the sun. It early became evident that the center of 
the sun and the integrated skylight give the same wave-lengths, 
the contribution of the limb-displacements to the red being inap- 
preciable in the integrated light. The sky minus center for the 
30 lines is +o.0001 A. The lines measured are given in Table II. 
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These lines were selected irrespective of whether they are blends 
or not, as they were to be used for relative wave-lengths only. 

The data for the individual plates are given in Tables III and 
IV. The time of observation has been taken as the mean of the 
beginning and the end of the exposure, except in a few cases where 
clouds interrupted. No attempt has been made to obtain the 
mean time of the effective exposure, which would be somewhat 
different from that used on account of the change in atmospheric 


TABLE II 


Lines MEASURED IN SPECTRA OF VENUS AND THE SKY 


Rowland A “int. Element bean Rowland > Int. Element pee 
AB7ONTO7u.. Omalimne +0.005 || 4527.101 3 Ca? +0.007 
4422.741... CA Wal Koti ae weil Prarhene ene. oe 34.953 4 air +0.004 

Ba tespig Oy aa |cal +o.006 48.024 3 Fe +0.008 

aes TOR: Gullinke +0.006 GAM 2 I 8 Ba +o .008 

A307 04K) a feed Bs +0.008 63.939 4 Ti +o.008 

Aj. SO2ee Oe Ke +0.005 Teas 5 Mg +0.007 

CLS See Bin ud Ve ba eievavetoneiece 84.018 4 Fe— +o.012 

56.030... Siam NVin 2, Casa ener: 4602.183 3 Fey ac dees 

68.663 5 i— +0.007 03.126 6 He") etearerrecte 

76.214 aii! eA WAG aa eaetn eace, 25.227 5 Feu 0 aera 

82.376 8 | Fes, Fez | +0.004 26.358 5 Cro ees 

84.3092 POA UT esa AM Ie, Sea 5 29.521 6 Tie Co’, |e serra: 

85.846 3 BG 1p yoii] teeeeaeres 30.3005: 4 Feo $y eae eaters 

904.738 6 Fe +o0.010 Gb sa Olea 4 Cr Stee eee 
4508.455 4 | Fe?,— +0.o11 San Agua: 5 GE ln eee remters 


absorption. The third column gives the difference between the 
measured wave-lengths in the spectrum of Venus and those of 
the same lines in the spectra of the sky, corrections for velocity 
having been applied in both cases. The difference between the 
heliocentric longitudes of Venus and the earth was used as 
the angle VSE. The quantity h is the true altitude of Venus. 
The phase angle of Venus is indicated. by 7 and the semi- 
diameter by D. 

The velocity of Venus relative to the earth was obtained from 
the hourly variation in the logarithm of the geocentric distance. 
The relative velocity of Venus and the sun was calculated in the 
same way from the variation in the logarithm of the radius vector 
of Venus. The velocity of the observer due to the diurnal rotation 
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of the earth has been derived in the usual way. (Q is the angle 
between the line joining the cusps and the slit of the spectrograph, 
measured from the north cusp in the direction of the illuminated 
portion of the disk to the end of the slit nearest the plate holder. 
In the first series the red end of the spectrum was on the right as 
one looked at the slit from the plate holder. In the second series 
the red was on the left until the end of 1919, when the grating 
was again reversed. The measurers are identified by the initials 
S, N, M, indicating St. John, Nicholson, and Miller, respectively. 

We take this opportunity to express our appreciation of the 
assistance given us by Miss Miller in the work of measurement 
and reduction and by Mr. Edison Hoge in making the observations. 


Ill. DISCUSSION 


1. Correlations—Evershed correlated his observations with 
the angle VSE and adopted an interpretation based upon the 
“very incredible hypothesis’? that an “‘earth-effect” is driving 
the solar vapors from the earth-facing hemisphere of the sun. 
Our observations are better correlated with the altitude of Venus 
at the time of observation. The natural tendency is to use as 
high an altitude as possible, with the result that the altitude of 
Venus at the time of observation varies with the angle VSH. Our 
observations, therefore, can apparently be correlated with the 
angle V.SE nearly as well as with altitude, but on 18 nights spectro- 
grams were taken at both high and low altitudes: mean high 
altitude 29°2, mean low altitude 16°1, which give AX low— Ad high 
=—o.oo14 A. Among the low altitude plates are four at mean 
altitude 2422. Pairs in which the low-altitude plates had rela- 
tively high altitudes contribute little, on the basis of the cor- 
relation with altitude, to the difference shown by the plates at 
low and high altitudes. On omitting these plates the difference 
Ad low—And high for the 14 remaining pairs rises to —o.0021 A. 
As there was no change in the angle VSE between the plates of 
each pair or in the instrumental adjustments, this difference 
between plates at low and high altitudes is definite evidence of an 
effect depending in some way on the altitude of the planet, which 


1 Observatory, 43, 156, 1920. 
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shortened the wave-lengths in the spectrum of Venus observed at 
low altitude, and indicates that the altitude of Venus is the con- 
trolling factor in our observations. 

An effect depending on low altitude is naturally associated 
with refraction, and hence with cot k. To obtain a relation inde- 
pendent of the angle VSE and dependent only upon altitude the 
coefficient of cot / in the equation 


A\,—Ad,= A (cot h;—cot hz) 


was derived from each of the 18 pairs of plates. Its value closely 
approximated o.co1 A. By means of this relation the influence of 
altitude was éliminated from the 56 original observations. The 
residual displacements showed a slight variation with the relative 
position of the earth, sun, and Venus. It should be noted, how- 
ever, that the angle VSE is only one of the variables dependent 
upon the relative positions of the three bodies which may be used 
in seeking such correlations. A satisfactory correlation is made 
by assuming that the observed displacements are fundamentally 
due to conditions arising from low altitude, and that the effect is 
greatest when the image of Venus is smallest. This would be 
the case if the systematic discrepancies were attributable to 
unsymmetrical illumination of the slit arising from atmospheric 
refraction and from the small and varying diameter of the image 
in relation to width of slit. This is the simplest interpretation of 
our observations, in that it refers the entire effect to a single 
rational cause. A solution by least squares for this correlation 
gives 

cot h 

D ? 


Ad\10~3=1.3—-8.5 


where D is the semidiameter of Venus in seconds of arc. 
If the angle VSE is used, the observations may be represented by 


Ad\10~-3=3.0—1.0 cot h—3 .0(1—cos VSE). 


By introducing the phase angle 7, the following equation may be 
used: 
A\10~3=2.3—1.0 cot h—3.5 cost. 
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As far as the observations are concerned, these three equations 
represent them equally well, but the first offers the most reasonable 
and probable explanation. 

In the computation of the velocity corrections the value 8/80 
was used for the solar parallax, and the velocity displacements due 
to rotation of the planet were assumed to be negligible, as would 
be the case for the long rotation period shown by Slipher’s observa- 
tions. An error in either of these assumptions would not affect 
the correlations, since deviations due to either of these causes 
would appear with opposite signs in the two series and be eliminated 
in the correlations which combine them both. It may be remarked 
that when the observations are corrected for the systematic dis- 
placements to the violet discussed above, the difference between 
morning and evening series, viewed in the light of the probable 
error of the observations, is not of an order that would indicate 
a divergence from the assumed parallax or a rate of rotation higher 
than that found by Slipher. 

2. Superposed skylight—vVenus can be seen on the slit of the 
spectrograph at any time during the day, and some preliminary 
plates indicate that it may be possible to secure reliable observa- 
tions in full daylight, provided the relative velocity of Venus and 
the earth is large enough to separate completely the absorption 
lines in the spectra of Venus and the sky. When the angle VSE 
is large, however, the displacement due to the relative velocity is 
less than the width of a line, and wave-lengths measured under 
such conditions are affected by an error depending on the bright- 
ness of the sky and the amount of displacement. This error 
appears as a shift to the violet when Venus is west of the sun, and 
to the red when Venus is east of the sun. Tests were made with 
superposed spectra having different exposures and a relative dis- 
placement of 0.120 A. They showed that a superposed spectrum 
having 5 per cent of the intensity of the primary spectrum was 
sufficient to produce measurable shifts. 

When the angle VSE is large, the time available is short, and 
therefore it is necessary, with Venus east of the sun, to begin the 
exposures as early as possible and, with the planet west of the sun, 


1 Lowell Observatory Bulletin, 1, 9, 1903. 
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to continue them until the brightness of the sky reaches the per- 
missible limit. To examine our observations for possible effects 
due to superposed skylight near twilight and dawn, we have 
selected groups of observations in which the components have 
approximately equal altitudes but begin at unequal intervals after 
sunset or end at unequal intervals before sunrise. The effect of 
altitude is by this arrangement of the observations the same for 
each group. An examination of the data in Table V reveals no 
measurable effect due to superposed skylight, even when the 
exposures were begun at sunset or ended at sunrise, as is shown 
by the agreement between the components of each group. 
> TABLE V 


ABSENCE OF EFFECT OF SUPERPOSED SKYLIGHT 


IQIQ IQIQ-1920 

Begun N Ended N 

after o: h Ar before o h AX 
Guneat Plates ancien Plates 

min min 

36 5 eye —0.005 Ge 3 mye —0.002 
I5 2 16.5 OF OO4mi | a nae 4 I4 —0.003 
14 6 26 —0.002 13 6 31 —0.001 
1.6 8 26 =—O00 Tal ae 3 37 +0.002 


3. The effects of altitude —The spectroscopic conditions arising 
from low altitude are complex, and the following considerations 
show that further investigation is required to determine the réle 
played by the various factors in producing the observed displace- 
ments. The atmospheric dispersion at low altitude displaces the 
photographic image relative to the visual image very appreciably. 
When the guiding is done upon the visual image, as in these obser- 
vations, this relative displacement may produce dissymmetry in 
the illumination of the slit. At 8° altitude the dispersion between 
d 4500 and A 5700 is 8’, a third of the diameter of the planet at 
maximum elongation. Campbell found large differences in the 
radial velocity of Venus when he compared the values obtained 
by placing the slit just inside the terminator with those obtained 
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when the slit was just inside the limb.t These differences, which 
he attributed to non-uniform illumination of the slit, reversed in 
sign when the spectrograph was rotated through 180°. In obser- 
vations such as ours non-uniform illumination of the slit due to 
guiding on the visual image would depend not only upon the 
atmospheric dispersion at low altitude but also upon the diameter 
of the image relative to the width of the slit. This source of error 
we hope to eliminate in our next series of observations upon Venus 
by using a blue screen in the observing telescope, thus making it 
possible to keep the photographic image symmetrically placed on 
the slit. We have not yet found a satisfactory reason why rota- 
tion of the spectrograph did not reverse the sign of the displace- 
ments, as was expected if they are due entirely to non-uniform 
illumination of the slit. 

The refraction, moreover, requires compensation in both right 
ascension and declination, involving systematic corrective move- 
ments of the image on the slit. We were obliged to overcome 
the drift in declination by a progressive tilt of the concave mirror, 
a faulty procedure, as the angle of incidence at the grating is very 
sensitive to changes in the direction of the beam from the concave 
mirror. This possible source of error will be eliminated from our 
next observations as motor controls on the second flat now enable 
the observer to guide by it. 

4. Kodaikanal observations —The following Kodaikanal obser- 
vations are collected from the reports and papers by Evershed:? 


TABLE VI 
RESIDUALS (VENUS—SKY) FROM KODAIKANAL OBSERVATIONS 
VSE 45° 62° 67° 75° 
V—Sky +o0.00263 —0.0034 —0.0024 —0.0068 
VSE 95° 102° T3252 140° 
V—Sky —0.0009 —0.0052 —0.014 —o.007 A 


t Lick Observatory Bulletin, 9, 30, 1916. 

2 Kodaikanal Observatory Report, p. 2, 1917; Pp. 2, 1918; p. 3, 1919; Monthly 
Notices, 78, 278, 1918; 79, 257, 1919; 80, 395, 1920; Observatory, 43, 156, 1920. 

3 Kodaikanal Observatory Report, 1918. Four excellent plates give orbital velocity 
3.5 per cent low. Monthly Notices, 78, 279, 1918: 0.45 km/sec. less than orbital 
velocity. A displacement of +.0067 A is deduced from these statements and averaged 
with that of the 1918 series. 
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Observations when the angle VSE is 135°-140° are necessarily 
made with Venus at altitudes of about 10°; near maximum elonga- 
tion they would most naturally be made at high altitudes; and 
with VSE near go°, at intermediate altitudes. The altitudes for 
the Kodaikanal observations are not available, but, if they are 
near the values suggested as probable, Evershed’s observations of 
V—Sky may also be correlated with altitude. The question is 
then one of interpretation; plates at high and low altitudes with 
the same value of VSE, and at low altitude with large and small 
VSE, will eventually furnish a definite answer. As far as present 
observations have a bearing on the question, they indicate that the 
main factors producing the displacements are those depending 
upon the low altitude of Venus at the time of observation. When 
this effect is eliminated, the remaining residuals, which seem to 
vary with the relative position of earth, Venus, and sun, are more 
reasonably correlated with the varying diameter of the planet than 
with the angle VSE. 


Mount WILson OBSERVATORY 
March 1921 
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BRIGHT AND DARK NEBULAE NEAR ¢ ORIONIS 
PHOTOGRAPHED WITH THE 100-INCH 
HOOKER TELESCOPE 


By JOHN C. DUNCAN 


Photographs made with the 1oo-inch Hooker telescope of the Mount Wilson 
Observatory are reproduced in two plates. They exhibit the following features: the 
bright nebulae N.G.C. 2024 and 2023 and I.C. 431, 432, and 434: the dark cosmic cloud 
Barnard 33, which indents or overlies the nebula I.C. 434; the great disparity in the 
number of faint stars on opposite sides of a line passing nearly north and south through 
¢ Orionis; and a striated appearance in the faint nebulosity west of I.C. 434. 

Evidence is given of the existence of four distinct types of extended masses in the 
neighborhood, and suggestions made in explanation of the aspect of the region as 
presented by the photographs. 


The region surrounding the star ¢, at the southeastern end of 
the Belt of Orion, has been studied on account of its remarkable 
nebulae by several observers, the first of whom was W. Herschel, 
who listed it as No. 25 of his fifty-two regions that contain diffuse 
nebulosity.* Six of its nebulae are included by Dreyer in the New 
General Catalogue or the first Index Catalogue. Photographs show- 
ing many of its interesting features have been published and 
discussed by W. H. Pickering,’ Roberts,? Wolf,4 Keeler,’ Barnard,$ 
and Curtis.’ 

During the past winter I have made photographs of this region 
at the principal focus of the 1roo-inch Hooker telescope, and the 


t Philosophical Transactions, 101, 276, 1811. 

2 Annals of Harvard College Observatory, 32, 66, and Plate III, Fig. 3, 1895. 

3 Astrophysical Journal, 17, 74, and Plate IV, 1903; also, Monthly Notices, 63, 
31, and Plate 1, 1903. 

4 Monthly Notices, 63, 304, and Plate 11, 1903. 

5 Publications of the Lick Observatory, 8, Plate XIII, 1908. 


6 Astrophysical Journal, 38, 500, and Plate XX, Fig. 1, 1913; also Publications 
of the Lick Observatory, 11, Plate XX, 1913. 


17 Publications of the Astronomical Society of the Pacific, 30, 66, and Plate IV, 
Fig. 1, 1918; Publications of the Lick Observatory, 13, 23, and Plate II, Fig. 5, 1918. 
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great focal length, light-gathering power, and resolving power of 
this instrument have brought out certain remarkable features 
with great distinctness. Two of these photographs are repro- 
duced in Plates V and VI. The original negatives are 8X10 
inches in size, but in making the reproductions only the central 
parts were used and these were reduced in scale. The excellence 
of the reproductions is due largely to the skill of Mr. Ellerman, 
who increased the intensity of the images of faint nebulosities by 
successive copying on slow plates. 

PLATE V.—Center of plate (1920.0), a=5®370, 6=— 2°31’. 
1920, November 13. Exposure three hours. Seeing good, but 
figure of mirror somewhat imperfect. Seed 23 plate. 

The bright star ¢ Orionis is just off the north side of the plate, 
and a bright ray, produced by diffraction of its light by one of the 
steel supports of the secondary mirror, extends from it toward the 
south and east. The brightest star shown is D.M. — 2°1337, 19 mm 
from the bottom of the plate and 42 mm from the right side. Its 
visual magnitude, as given by the Durchmusterung, is 7.5. 

Almost vertically through the middle of the plate lies the nebula 
I.C. 434, which was discovered photographically at the Harvard 
Observatory in 1887." It here appears as the bright fringe of a 
diffuse nebulosity that fills the western half of the field. This 
diffuse nebulosity is remarkably striated, the striae lying in a 
direction approximately east and west. The fringe has numerous 
branches and irregularities and is suggestive of the edge of a 
relatively thin sheet that is crumpled and turned edgewise to the 
observer. Earlier observers have noted the scarcity of faint stars 
east of the nebulous fringe as contrasted with their great abundance 
on the west. The effectiveness of the Hooker telescope in photo- 
graphing faint stars makes this contrast very conspicuous. 

In the northeastern corner of the field is thenebula N.G.C. 2023, 
which surrounds a star of magnitude 8.5, not shown on the plate 
because of overexposure of the nebula. It is terminated rather 
abruptly on the west side, and shows a clearly defined dark mark- 
ing on the east. The existence of spiral rays, noted by the Harvard 
observers,” is not here confirmed. 


t Annals of Harvard College Observatory, 18, 115, 1890. 2 [bid., 116, 1890. 
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N 


BRIGHT AND Dark NEBULAE SOUTH OF ¢ ORIONIS 


Scale: 1mm = 14/0 (0.80 that of criginal negative) 


PLATE VI 


4 N 


Ww 


¢ CRIONIS AND THE NEBULAE ON THE EAST AND NortTH 


Scale: 1mm = 1278 (0.81 that of original negative) 
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By far the most interesting object shown on the plate is the 
dark cloud near the center, which forms a bay in the bright nebula 
and which has attracted attention since the earliest photographic 
observations of the regiony It is listed by Barnard as No. 33 of 
his dark markings of the sky... On the present plate, faint lights 
appear within the cloud, and a notable silver lining is shown along 
its western edge. On the original negative the eastern boundary 
can be traced on the faint background of the sky, and is seen to 
extend north and east nearly to N.G.C. 2023. An aid to tracing 
its position is found in the diffracted ray from ¢ Orionis, which 
seems to have been too faint to affect the plate perceptibly by its 
own light but is plainly visible where the plate has been brought 
to its threshold by the nebulous background, so that the ray is 
interrupted where it crosses the dark cloud. A second and much 
smaller and paler dark bay lies about 15’ north of Barnard 33, 
near the 8.5 magnitude star D.M. — 2°1343, and a third about 6’ 
still farther north. 

PLATE VI.—Center of plate (1920.0), a=5'37™3, d= —1°53’. 
1920, December 8. Exposure, 5 hours, 35 minutes. Sky some- 
what hazy. Seed 30 plate. 

¢ Orionis is near the west side of the plate, where irradiation 
has spread its light into a great blot. The star may be located 
accurately at the intersection of the rays produced by the mirror 
supports. At the extreme northwest corner of the plate is the 
nebula I.C. 431, and 10’ east of this is I.C. 432. These nebulae 
surround the stars D.M. —1°roo1r and —1°1005 respectively, stars 
of about 8.5 visual magnitude. A few of the stars that lie near the 
north edge of Plate V appear also near the south edge of Plate VI. 
The continuation of the nebula I.C. 434 toward ¢ may be seen on 
Plate VI, which shows also that the disparity in the number of faint 
stars on the east and west sides of the nebulous fringe continues 
some distance north of ¢, where the line of division seems to turn 
somewhat toward the west. 

The greater part of Plate VI is occupied by the remarkable 
nebula N.G.C. 2024, discovered in 1786 by W. Herschel, who 
described it? as a “‘remarkable nebulosity, divided in 3 or 4 large 

t Astrophysical Journal, 49, 14, 1919. 

2 Philosophical Transactions, 79, 248, 1789. 
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patches including a dark space.” The brightest parts cover a 
space some 25’ in diameter, and there are faint extensions, one of 
which reaches as far as I.C. 432 on the northwest. Both this 
nebulosity and that of I.C. 434 can be traced on the original plate 
to within 5’ of ¢ Orionis, where they are concealed in the glare 
about the bright star. The irregularities of the bright and dark 
markings of N.G.C. 2024 are such as to defy description, which 
fortunately is unnecessary, as they are well shown in the illustra- 
tions. The character of this nebulosity appears to be different from 
either that of I.C. 434 or that of the neighboring nebulous stars. 

A study of the photographs of this region tends to the conviction 
that we have here to do with extended masses of not less than 
four distinct types: (1) the ropy, branching nebulosity of I.C. 434; 
(2) the nebulosity of N.G.C. 2024; (3) the nebulous stars N.G.C. 
2023 and I.C. 431, 432, and 435;' (4) dark nebulosities, best 
exemplified by the cloud Barnard 33. 

The phenomena shown suggest the following speculations: 
Perhaps the fringe of I.C. 434 represents the common boundary of 
a dense, dark mass on the east and a body of thin, luminous nebu- 
losity on the west. These two masses may have a relative motion 
toward each other, which results in a concentration of the bright 
nebulosity along the line of contact, this concentrated nebulosity 
being the fringe. The faint nebulosity west of the fringe must be 
sufficiently transparent to transmit the light of the starry back- 
ground, while the dark material on the east obscures all the stars 
behind it. The bright nebula N.G.C. 2024 seems to be of the 
nature of a bright outcropping of the dark nebula, which indeed is 
probably nowhere absolutely non-luminous unless it be so in the 
darkest part of Barnard 33. Perhaps the four stars that show 
nebulous burs—D.M. —1°1001, —1°1005, — 2°1345, and — 2°1350— 
are imbedded in the dark nebula and illuminate that part of it 
which lies immediately around them, the nebulosities of the third 
type being due in part to this cause and in part to the same cause 
as those of the second type. We may suppose the non-nebulous 


stars that appear east of I.C. 434 to lie between the observer and 
the dark nebula. 


* The nebula I.C. 435 is some 20’ east of N.G.C. 2023 and is not shown in the 
lustrations. It surrounds the 8.5 magnitude star D.M. —2°r350. 
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Mr. E. P. Hubble has kindly loaned me a plate made by him 
with the Hooker telescope 1920, November 18, which shows the 
region immediately north of ¢ Orionis. The line of cleavage 
between the regions of few and of many stars is clearly marked on 
this plate, and passes in a zigzag fashion northwest of £ nearly to 
I.C. 431, where it bends toward the west and returns, forming a 
bay about 15’ deep, and then passes northeastward to a point near 
the sixth-magnitude.star —1°1004, about 1° north of ¢ and near 
the north edge of the plate. There is on this plate no hint of a 
nebulosity similar to I.C. 434, and the line of cleavage has not here 
the regularity that is noticeable in that part of it lying south of ¢. 
Long-exposure photographs of the Orion region made with the 
to-inch Cooke refractor of this observatory by Mr. Hubble and 
Mr. Pettit indicate that the obscuring mass east of ¢ Orionis is 
only a part of a much larger region that extends several degrees 
toward the northeast, enveloping the bright nebula Messier 78, 
and also, though less plainly, some distance toward the south. 
The general outlines of this dark region can be traced on the 
Franklin-Adams chart. 


Mount WILSON OBSERVATORY 
March 1921 
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THE RELATIONSHIP @F ABSOLUTE MAGNITUDE TO 
SPACE-VELOCITY 


By W. S. ADAMS, G. STROMBERG, ann A. H. JOY 
ABSTRACT 


Variation of the velocity of stars with absolute magnitude—A statistical study of the 
radial, tangential, and space-velocities of 1350 stars, mostly of types F, G, K, and M, 
shows a marked correlation with absolute magnitudes. The results are given in the 
form of equations and tables. The increase in average space-velocity for a decrease of 
one magnitude in brightness varies with the type, but is of the order of 3 km/sec. The 
greater homogeneity of the giant stars as a class and their comparative freedom from 
large individual motions are indicated by the results. As would be expected for a 
random distribution of velocities as to direction, the average radial velocities are about 
half the corresponding average space-velocities. 

Frequency of the space-velocities of stars cannot be represented by a distribution 
according to Maxwell’s law, for there is a large excess of stars with high velocities, 
but a type of frequency function based upon the assumption of a normal error-distribu- 
tion in the logarithms of the velocities is found to represent the observations much 
more closely. The function is proportional to e—/*(log »—log 2)?} where v is the geo- 
metrical mean space-velocity. 


In a communication published in 1915, Kapteyn and Adams* 
showed that the radial velocities of a considerable number of stars 
depended upon proper motion and mean parallax in such a way 
as to indicate that the intrinsically brighter stars move more slowly 
than the fainter stars. More extensive investigations by Adams 
and Strémberg? in 1917, and by Strémberg in 1918,3 based upon 
1300 stars of spectral types F, G, K, and M, gave similar results. 
For this purpose the absolute magnitudes derived by the spectro- 
scopic method were used, and not only the radial velocities but also 
the components at right angles to the direction of the sun’s apex 
were included in the discussion. An average change in radial 
velocity of about 1.3 km for each unit of absolute magnitude was 
indicated by these investigations. 

The subject had already been discussed by Eddington‘ on the 


basis of stars with parallaxes determined by the trigonometric 
I Mt. Wilson Communications, No. 1; Proceedings of the National Academy of 
Sciences, 1, 14, 1915. 
2 Mt. Wilson Contr., No. 131; Astrophysical Journal, 45, 293, 1917. 
3 Mt. Wilson Contr., No. 144; Astrophysical Journal, 47, 7, 1918. 
4 Stellar Movements, p. 52, 1914. 
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method, and some of the important consequences of such a relation- 
ship had been pointed out by Eddington, Russell, Halm, and 
others. Additional evidence will therefore be of especial value for 
investigations dealing with the motions of stars in our Galaxy 
and their connection with spectral type and mass. 

Previous studies of the subject have been limited to components 
of the stellar motions either in the line of sight or at right angles to 
it. With the rapid accumulation of parallax observations, both 
trigonometric and spectroscopic, and a similar increase in determina- 
tions of radial velocities, we can extend the investigation to the 
actual motions of the stars in space. In the pages which follow 
we shall compute the space-motions of the stars in our list, derive 
the frequency-law representing their distribution, and study the 
relationship of these motions to absolute magnitude. 

The velocity-components of a star relative to the sun are com- 
puted from the following equations: 


x=V cosa cos sue sin a cos 6-+ys5 Cos a sin 6) 
5 k : : 

y=V sin a cos O+- (Ha cos a cos 6—ys sin a sin 6) 
; k 

z=V sin ot Ms cos 6 


where x, y, and z are the velocity-components in the equatorial 
system, expressed in kilometers per second, V is the radial velocity 
relative to the sun, a and 6 are right ascension and declination, pu, 
and yw; the corresponding proper motions, 7 is the parallax, and & 
is a constant equal to 4.737 km/sec. 

Tf x, Yo, and z, are the velocity-components of the sun referred to 
the centroid of a large number of stars, we can obtain the com- 
ponents x,, y,, and z, of the star relative to this centroid from the 
equations 


Xy=XL+ No, Vr=V+Yo, S=2teZ. 


The space-velocity v of the star, corrected for the sun’s motion, is 
therefore 


= V tye : 
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The parallaxes used in this investigation are those obtained 
by the spectroscopic method and published recently In a few 
instances where the parallaxes are large the trigonometric values 
have been used instead. ‘he proper motions are from the Cata- 
logue of Boss or Cincinnati Publications, No. 18, with the addition 


SS a et te) | Za tA eS 6 wh tee Fhe Me. 
Absolute Magnitude 


Fic. 1.—Curves showing the relationship of space-velocity to absolute magnitude 
for the various spectral types. 

Curve I. Abscissae, average absolute magnitudes; ordinates, geometrical means 
of space-velocities. The continuous curve alone is shown. 

Curve II. Abscissae, average absolute magnitudes; ordinates, average radial 
velocities. 


of a few values determined by Kapteyn, Roy, and others. The 
radial velocities have been taken from Campbell’s list in Lick 
Observatory Bulletin, No. 229, from the Mount Wilson lists published 


I Mt. Wilson Contr., No. 199; Astrophysical Journal, 53, 13, 1921. 
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in Contributions, Nos. 79 and 105, and from unpublished Mount 
Wilson results. 

Since many of the stars observed at Mount Wilson were selected 
on the basis of small proper motion, it is evident that there may 
be too large a proportion of stars with velocity-components in a 
plane perpendicular to the line of sight, which are nearly equal in 
direction and amount to the sun’s velocity projected on this plane. 
For this reason we have omitted from the discussion tor stars, 
this number being based on the distribution of proper motions 
given by Kapteyn in Groningen Publications, No. 30. 

The detailed results based upon the values derived from the 
individual stars are given in Table I. The symbols in this table 
have the following meaning: 


average space-velocity 


M-=mean absolute magnitude 
a= 
T=average tangential velocity not corrected for the 


sun’s motion. This is equal to k (=) 
6=average radial velocity 
v=geometrical mean of space-velocities 
T=geometrical mean of tangential velocities 
r, and r,=probable deviations of log v and log T for a single 
star from the mean values log v and log T 


All of these quantities have been computed from the individual 
values of v, T, log v, log T and V’, the last being the radial velocity 
corrected for the sun’s motion. The probable errors in log v 
and log T have been converted into corresponding errors in v and T, 
The values used for the solar motion are those derived in 1917.” 


Ao=270°9; Doe=+29°2; Vo=21.48 km/sec. 


The use of the values A,=270°, Dox=+30°,,>V.=20.0km would 
in general affect v and v by less than o.1 km. 

The values for the A-type stars in Table I are based almost 
wholly upon stars of types A7 to Ag, and the uncertainty in the 
determination of the absolute magnitudes may be larger than for 

* Astrophysical Journal, 39, 341, 1914; 42) 172, IQS. 

2 Mt. Wilson Contr., No. 144; Astrophysical Journal, 47, 7, 1918. 
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TABLE I 
ABSOLUTE MAGNITUDE AND Spacr-Morion 
No. M v fi tt) u r | Tr | Ta 
M ot 
Tyre A (A7 to Ag) 
km km km km km 

oO.2t0 —-E.5....| 22.5 |-E.o | $4.2 | 23.2 | 19.3 | 32.9 2.4 I9.4+2.6 |+0.108 |+0.201 
+1.5 to +2.5....] 14.5 HO |: 30.6, |) Sr. 87] Fo.16 | e2o2%. 256 24.7+3.6 0.129 0.244 

Tyrer F (Fo To Fo)* 
—3.5to —1.5....| 9 —2.3 | 16.5 | 20.3 9.5 | 12.3 2.6 | 15.2 3.0 |0,27z |o.258 
—1.5 to +0.5....] 25 —o.6 | 43.7 | 44.6 | 11.7 | 23.7 TOvS" Skene oh 
20t —O.7 | 32.2 | 38.7 9.8 | 20.0% 3.7 | 17.4 slo 0.338 0.427 
+o.5 to +2.5 54.5 |+1.9 | 28.2 | 26.9 | 14.6 | 22.8+ 1.4 | 18.5 1.7 0.198 0.286 
aes5to 3.5 fale} 3,0] 52.4. | 40.5. || 22.3: | 34.2 1.7 |, 30.3 5.8 0.198 0.241 
85.5} 3-0 | 34.5 | 33.4 | 13.4 | 30.5 2.1 | 26.8% 1.4 0.150 0.205 
Sept0 4.5 109 3.0 | 7F.4 1 73.3.1 26.0: | STs a 2.8 | 4765606 0.246 0.246 
O0-SE))-- 3:0 | 54.5 | Sr-0 | 22.8] 46.6 oe | 40.3== 250 0.208 0.211 
PL 2 al te ane 8.5 8.0 1143.5 |125.4 | 74.4 | 76.95220.6 | 67. 5=27.8 0.336 0.331 
6.5 5.0 | 54.0-| 47.4 | 31.0 | 45.510.4 | 39.7 9.6 0.249 0.266 

Tyrer G (Go To Go) 
—4.5to —1.5 22 —2.9 | 30.1 | 27.0 | 13.7 | 21.7% 2.9 | 17.9% 2.5 |+0.271 |+0.288 
20 —2.9 | 25.6 | 2r.7 | 14.0 | 19.2 2.5 | 15.4 2.0 0.255 0.263 
—1.5to —0.5.. 25.5 |—z.0 | 27.8 | 25.9 | 11.0 | 22.7: r.9 | Io.4 2.0 0.187 0.222 
—o.5to +0.5.. 62)5 |--o.2-| 35.7 | 32-2 | 15.5 | 27-2 2.5 | 224 1.5 0.193 0.233 
+o.5to +1.5.. 72.5 0,0°| 37.0 |. 31-6 | ero |psor2 rV5 | 23.6% 525 0.186 0.230 
E2540" 2.5.. 35.8 I.9 | 35.9 | 20.0 | 19.8 | 290.6 2.0 | 22.7 1.8 0.181 0.210 
Ro Nae oe 18 3-0 | 45.4 | 39-0 | 29.4 | 38.8 3.2 33.2 3.4 0.154 0.189 
BastO, Ald in 42.5 4.2 | 50.7 | 57-2 | 25.6 | 49.4 3.4 | 47.6+ 3.2 0.198 0.189 
meee eos 73-5 5.0 | 58.7 | 58.2 | 23.0 | 5r.902 2.4. 48.6 2.5 0.168 0.187 
S.58t0 6.0... 51 5.8 | 88.3 | 88.0 | 34.0 | 61.9 3.4] 63.4 3.4 0.174 0.166 
50§ 5.8 | 70.3 | 7o.7 | 28.7 | 58.6 3.0 | 60.0% 2.9 0.157 0.148 

Type K (Ko To Ko) 
—4.0to 0.0 14 —o.8 | 44.4 | 42.2 | 11.9 | 26.6 5.5 | 21.8 5.0 | 0.333 |+0.372 
12 —1.0 | 28.0 | 23.6 9-9 | 20.0 3.2 | 15.7+ 3.2 0.276 0.312 
o.oto +0.5.. 74.5 |+0.3 | 290.4 | 22.8 | 14.6 | 24.4% 1.2 | 14.84 1.1 0.182 0. 289 
+0.5 to +1.5....[186.5 0.9 | 36.5 | 28.6 | 19.5 | 29.064 1.0 | 20.4+ 0.8 ©.190 0.248 
Eshto “2.5.. 47 EO. | 34.00) 24.0 20 rr | 20.45) Ee7 sero 2.5 0.173 0.260 
3 00+ 3) Ses ex. § 3.0 | 48.8 | 37.6 | 29.8 | 45.9 3.6 | 20.4+ 4.6 0.116 0.231 
Ee CU Aan £2.65 4.4 | 62.6 | 53.5 | 25.8'| 57.2 4.6 | 32.7 5.1 0.125 0.242 
et a oe 67.5 6.1 | 67.3 | 70.4 | 24.3 | 50.9 2.5 | 590.8 2.8 0.177 0.102 
Ges to! 7.5. 36 6.9 | 50.3 | 56-4 | 20.3 | 53-5 2.8 | 52.84 2.2 ©.136 0.105 
WIS tO (S15 %.- £2-5 Ser | S827 1o546O | 6327. | 54-222 5.0 | 50.0== 4.3 0.143 0.130 
Sesto. O57. 8 8.8 | 47.3 | 42.0 | 26.5 | 40.6% 6.7 | 36.24 5.4 0.202 0.182 

Tver M (Ma To Md) 
—3.8to —2.7.. 2 —2,2| 36.4 | 25.2 5.6 | 15.8 3.4 | 11.0+ 1.7 |+0.131 |+0.005 
=Ir.5 10 —o.5.. 13.5 |—0o.8 | 36.4 | 33.1 | 17.4 | 20.6 2.7 | 21.4 4.8 ©.142 0.350 
—o.5to +0.5.. 67.5 |+o.1 | 36.5 | 28.2 | 20.4 | 30.2% 1.5 | 19.5 1.4 0.174 0.249 
+o.5to +1.5.. 31 0.8 | 32.0 | 26.3 | 26.3 | 27.2 1.8] 21.3 1.8 0.154 0.203 
8.5to 10.0., 7 9.5 | 61.3 | 53.9 | 38.3 | 58.8 4.7 | 49.3+ 6.2 0.093 0.143 
IOLO10' T3646 II 10.9 | 62.3 | 50.0] 37-5 | 51-4 7.6 | 41.2+ 5.8 0.214 0.203 


* Cin. 560 (Sp. =A8, M =2.8, v=557, V’=+327) included in F type. 
+ RR Lyrae (v=274, V’ = 49) omitted. 

tStars with »>>180 omitted. These appear to form a separate group. 
§ Cin. 2019 (v=986) omitted. 
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TABLE I—Continued 


No | M | v im | 4) | id Lr | 1% | Ta 
M 
CEPHEDD VARIABLES || 

km km km km km en 

—3.4to —2.1....| 7 —2.6 | 19.9 | 24.6 | 10.1 | 12.2 3.5 | 21.2 3.3 |+0.327 O.1 
Tees Te Tilvesh vo —1.8 | 20.5 | 21.9 | 12.4 | 17.84 2.4 | 19.9 2.5 °0.166 0.156 
Sum and means] 15 —2.1 | 20.2 | 23.2 | 11.3 | 14.9 2.3 | 20.5+ 1.9 0.255 0.159 

PsruDO-CEPHEIDS 

ee eee 
—4.2to —2.8....] 14 —3.6 | 28.2 | 24.4 9.8 | 21.4 3.7 | 15.6 3.2 |+0.277 |+0.334 
—2.7to —o.1....] 14 —1.2 | 30.6 | 22.4 | 19.3 | 19.0% 4.1 | 12.9+ 2.5 | 0.353 | 0.308 
Sum and means] 28 —2.4 | 29.4 | 23.4 | 14.6 | 20.1% 2.7 | 14.2 2.0 0.300 0.315 


|| RR Lyrae (#i=0.3, 9=274 km, V’= —49) omitted. 


stars of the succeeding types. Occasionally stars with absolute 
magnitudes falling on the limit between two groups are included 
with half-weight in each of the groups. Thus among the A-type 
spectra a star of absolute magnitude +1.5 is accountable for 
the fractional values appearing in the column giving the number of 
stars. 

The use of the geometrical mean in this investigation has been 
found desirable for two reasons. In the first place it is influenced 
much less than the arithmetical mean by the inclusion of stars of 
exceptionally high velocities. In the second place, as will be 
shown later, the form of frequency-function representing most 
closely the observed distribution of the space-velocities is one in 
which the logarithm of the geometrical mean of the velocities is 
one of the fundamental constants. The conversion of the geo- 
metrical into the arithmetical mean may be made readily through 
multiplication by a factor dependent upon the dispersion in the 
logarithms of the space-velocity around the mean value. This has 
been found to be fairly constant for all the groups of stars. 

Attention should be called to two points bearing on the results 
of Table I. The first is that of the effect of the selection of the 
stars. Reference has already been made to the omission of a 
number of stars of small proper motion in order to equalize the 
proportion of such stars. The effect of the selection of stars of large 
proper motion would no doubt have been very marked had all stars 
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of the same spectral type been included in one group. The division 
according to absolute magnitude should, however, eliminate to a 
large extent the effect of selection, since most of the stars of large 
proper motion may be assumed to have been selected on account 
of their nearness and hence their low intrinsic brightness. A 
slight excess of rapidly moving stars of high luminosity might, 
however, be expected from a selection of stars of large proper 
motion, and this would tend to increase slightly the mean values 
of the giant stars in Table I. 

A second point has to do with the stars of the very highest 
luminosity. This group contains some stars which have erroneously 
been estimated as too bright, and as there is a tendency toward an 
accumulation of such errors, the mean space-velocity and the mean 
tangential velocity are too large. In order to reduce this effect 
a special computation has been made for the very brightest G and 
K stars, omitting a few of the largest space-velocities. This result 
is given in the second line of the G and K subdivisions of Table I. 

From the results of Table I it appears that the values of rn, 
although somewhat larger for the brighter stars, do not show any 
very great range. Accordingly we may with sufficient accuracy 
adopt its mean value for all absolute magnitudes and spectral 
types. This value is 


7,=0.171 0.0033. 


As will be shown in connection with the discussion of the frequency- 
law, the arithmetical mean of the space-velocities » and the most 
frequent velocity v» can be computed from the geometrical mean 
by aid of the equations 


Y= 102-5307? v, p= IO~5-061 ny, 
Hence 


v=1.186 2, Up=O.7113 v. 


The values of T and T have been computed because of their 
importance in the derivation of mean parallaxes. Since 
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we have approximately 


r=ke, 
Tp: 
Furthermore 
_p(#\ 7% 
r=k(") =k, 
or 
ra bp= 10" 2(M—m)—1 


With the aid of the data given in Table I we can now compute 
the general relationship between absolute magnitude and velocity. 
The geometrical means of the space-velocities and the tangential 
velocities have been used, since these can be obtained with a higher 
degree of accuracy than the arithmetical means, but the average 
radial velocity has been used directly. The tangential velocities 
are not corrected for the solar motion. 

Two different solutions have been made. In the first solution 
we assume for each type the relationship 


log v=a+bM, 


with similar expressions for log T and log 6, and use these equations 
under the assumption that they are constant for each spectral 
type over the entire range of absolute magnitude. In the second 
solution a discontinuity is assumed for the K and M stars at the 
point of division between the giants and dwarfs. The evidence 
afforded by Table I appears on the whole to be favorable to such a 
discontinuity, since the velocities of the dwarf stars of these types 
show little if any variation with absolute magnitude. 

Tables II and III give the values of the coefficients and their 
probable errors in the equations of the form 


log v=a+bM a 


for the two solutions. Further, all the types are discussed together, 
and a term involving the square of M has then been included in 
the first solution, the form being 


log v=a+0M+cM? 


with similar expressions for the tangential and radial velocities. 
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TABLE II 


Equations CoNNECTING ABSOLUTE MAGNITUDE WITH VELOCITY 


First Sotution: CoNnrTINUOUS VARIATION 


log v 


1.356+0.0553 uw 


=0.032+0.0111 


1.415+0.0605 M 


+=0.008+0.0021 


1.428+0.0410 M 


=0o0.018+0.0038 


I.456-+0.0302 M 


0.013 +0.0026 


Space-Velocity 


Tangential Velocity 


Type 


All (F to M) 


log T 


log 6 


1.248+0.0690 M 


=0.033=0.0113 


I.313-+0.0768 M 


=0.0160.0043 


1.224+0.0649 M 


= 0.030+0.0063 


I.300+0.0402 M 


0.019 =0.0037 


1.149+0.0257 M 


=0.0440.0154 


1.214+0.0412 M 


=0.021+0.0067 


I.232+0.0338 M 


+=0.017+0.0036 


I.300-+0.0282 M 


=0.025=0.0049 


log v= +1.408+0.0632M —o.00240M? 


=0.01T+0.0067 +0.00085 
=+1.256+0.0870M —0.00303M? 
+0.017+0.0098 0.00124 


Average Radial Velocity log @=+1.219+0.0321M+0.00020M? 
=0.017+0.0103 +0.00131 


TABLE III 


SECOND SOLUTION: SEPARATE EQUATIONS FOR GIANTS AND DWARFS OF 
Types K anp M 


log v 


log Lt 


M<2.5 


1.398-+0.0531 M 
=0.024+0.0206 


I.455-+0.0320 M 
=0.016+0.0213 


I.232+0.0281 M 
=0.052+0.0446 


1.298+0.0440 M 
—=0O.0I40.01Q1 


log 0 


r.164+0.1062 M 
=0.028+0.0239 


1.304+0.1480 M 
=0,012+0.0165 


1.422+0.0282 M 1.275+0.0417 M 1.232+0.0113 M 
+0.010+0.0062 +=0.013+0.0082 +=0.022+0.0135 
M>2.5 
I.710 I.700 I.431 
+=0.012 =0.012 =0.014 
1.734 1.645 1.578 
+=0.031 =0.040 =0.012 


r.640+0.0126 M 


=0.024=0.0042 


1.549+0.0234 M 
=0.053+0.0089 
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TABLE IV 


ABSOLUTE MAGNITUDE AND VELOCITY: COMPUTED VALUES 
————————————————————————————_—“—m—n_cloOC“_1Cc€OssS—O”D 
K M All Types 


F G 
M I 2 I 2 I 2 


ms Data ea kavaiteiecele 17.6 19.7 2222 19.6 24.9 24.6 Life 9 2352 
ae ea RAT 20.0 2200; 24.4 220% 26.7 20.5 22:40 24.8 
Oth eittrees 22 26.0 20.8 25.0 28.6 Perel 25.6 26.4 
Seen tue st rstiayaeiy 25.8 29.9 20.4 23.32 30.6 30.7 29.4 28.2 
DR sethantes 20/53. |) °34cAn ae 32440 WOU S250 a1 eS an EEE 30.1 
BA snliscelavurerairete Bang SOSAi| SS ON Me tau g ta Ul oraeceuetet al saeeercreueee eee NW nGfaO 
Ardoenrae sees 37.8 45.4 ZONE | Oe te t|lthehereeMere | ete teratonare 41.9 49.0 
Ie harttanece aie Sy eas 52.2 AZO, ot pullers tev erel |e reratereiae 46.1 50.5 
ORS tra cise: rae haters 60.0) | 47.2 eget Pike rie (GLE 50.2 52.0 
CEUTA IMG ERI reins IS pit, oc E ee OH un MN gs ne ollie A Bitte 54.1 53-5 
Site is eave lesot enel| easton rental een Menetehs 57.0 49.9 iyfats ian 
Qle, jwicacsl os 9116. Ss [le eeesee ae 1 even neh aie exter ceee tell veneers 535 54.2 | 60.5 56.6 
a Richer I Merce ea| ingest oc ic nend marccow yfee 63.1 58.3 
T =GEOMETRICAL MEAN OF TANGENTIAL VELOCITIES 
aE OU RAN rt eels sytie 12.9 14.4 t2.4) EEO 16.6 16.2 11.8 15.6 
moet dys Meee Bag re yeyat 17.2 I4.4 16.0 18.2 18.0 PANT eee 
Olas chaeoles E77 a e2OxO: 16.8 17.1 20.0. || I0-9 18.0 18.8 
Spam ar Neccicre overatee ores || zk 5) 19.4 18.2 27.0) | 12220) e2r.6 20.8 
Drecacteislemeye lela 24.3 2OnSe lene 20 18.4 24.0 24.3 26.22 22.8 
iB yantinrscre er 2845 | 34.0, ZO ZG OS) Somers Sarees ee 30.9 | 41.6 
ASR eke erates 32 ANA fed SO oS ibn Man |eleearaan Conger 30.0] 44.0 
Bra Meters Co teliste ee OIA) PAs! || ae Bs Peer Gee Al 2) wAOes 
ORE ora mice O otc 59.4 | 41.0 hotels raitaea tall Siena 40.7 48.9 
USMS erie oe Sea eee oa HG et o})\ amy REND | Bteipste cl eps choc 5 52.0 SO 
Beli els foatsete ani re ARS eee Rees 41.9 B73 54.4 
OC Ea SRCR IE P| (eR eat ell ence as face Rats Sig 45-97] 44.2 C272 S75 
TAT ON o acohetarel srste set Oe cea chanel SAEs gee see ea Ste ee 50.4 66.5 60.7 
6=AVERAGE RADIAL VELOCITY 
We oes Nee 25 13.6 14.6 9.0 pK) 10.2 43 16.2 
ah EAS Rt ten Tae I4.9 15.8 Ir.4 19.0 14.3 I5.4 16.6 
Ole dete edenags igs 16.4 aie 14.6 20.2 20.1 16.6 17a 
ICU RL rs ait te ieee tse I5.0 Ugssatey || EASE || TSN IS 21.6 28.33 17.8 SS 
2 Miayacs ous oa 15.8 19.8 20.0 23.8 23.0 39.8 IQ.2 18.0 
Boris cere e 16.8 21.8 Oh Wes Rie Aaa eR Atte te aA 20.8 DD's 
é Ageiecl stains 17.9 a5 PSSM WS ematsaien letac ia 6.5 22 Ao 2eO 
sadtetectonre rs TOPO 208 25.2 Anis el aa Re eA DE. 
Gis eeud wea sha ec eae 28.9 272 iad Coane reed bh et ees we 
Pitts way cond afore | eee all Stee 204A) ol eee eel] eee 28.4 28.9 
; Sditarotate racara Seok eeereeall Aenea 31.8 al : 30.8 | 30.8 
BSR Or aE Panera al etic tok Silo onec cs Alina our 36.3 Bee SYR Gh |) 2953. G 
APT O cece lols sdececc Ps | Se er eae OE le es ee en 38.7 36.3 34.8 
NUS a | a | 
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From the equations of Tables II and III we obtain the values 
given in Table IV. The columns marked 1 and 2 under K, M, 
and All Types give the results derived from the two solutions, the 
first representing a continyous and the second a discontinuous 
variation. 

The geometrical means of the space-velocities may be con- 
verted into arithmetical means by multiplication with the factor 


TABLE V 


ARITHMETICAL MEAN OF SPACE-VELOCITY AND CORRECTED AVERAGE 
RADIAL VELOCITY 


v 0 

M 
F G K M All F G K M All 
St IRR oe BOLO M23. Alle 20a5e1b20 65 lao 2c20| id - Ouro OMerssOnleTOrOg nurse. 
SE ore fev ts Pe ale2O2 Sa 2OrO ls kay a co mta|elenOn| IA 2a ero OnlerorOn ter qeno 
On aeyas 2020) 1P3O° S51 35.0 33-0 30.4. |e iaede| os Ol LOn Zn eros 2a ilo 
ae Te oan 30-0) (825.57 34..0 |) 30.3 | 34-00) raeer er 7e |) £750 |2On5a eLORO 
EB ctoe ass ci S4e7 |p40- S00 804 951.0 [930174] 5 One kOe S: |NITO.ONll2tAGal) tone 
Bees 124 Ove od be Konrad | ene ca Zidre7, Wade) |) orsefa|| Prowl, 6.96 19.8 
eee BAS or SS eon AGT Aalst AVN enfetoy || eo) Bee [le 55 23) 
Rete EOP GmsOl Ou Es i7Or iin enews TN | aikesKoy | se xeh yl MISC) ||ooo aus 23.0 
A eset RRS Fig e a HOR On ayes et |S ino erate | hu Sa ee Sion | erereneee ZO 
“eo eS ORE RAN REC OLS O seats OA ON ee tye all ens as DO eter ZO 
Seen lees Rael secon O72 0.4| ss Oee | OO 241 epee eetemete RonF || BOoe |) Po) s} 
RP Elie ato ete Gs core Sltasineetets Opp ile7iiaioin le aaot, oll lac tcllle samo Aas okey 
SO eneyeeee ers refer srsi[ ssorete ere oles. sisve Glelaohd | UP liom laa pon ollacemalleo oa ao One || Bye 


1.186. ‘The results are given in Table V, the values used being 
those derived from the first solution, based on the assumption of a 
continuous variation with absolute magnitude. 

The average radial velocities 0 are derived from stars north of 
— 30° declination with absolute magnitudes determined at Mount 
Wilson. Consequently, on account of the effect of stream-motion, 
the values of @ require a slight systematic correction if they are 
to be compared with values obtained from stars distributed over 
the whole sky. Allowance is made for the omission of stars in the 
area south of —30° by multiplication with a factor o.95 and the 
results of 6 corrected in this way are also given in Table V. 

The mean velocities for the giants and dwarfs separately have 
been computed for each spectral type and are given in Table VI. 
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It is of interest to compare the results for 0, the average radial 
velocity corrected for stream-motion, with those given by Camp- 
bell.t His values are: 

F G K M 
14.4 15.9 16.9 17.1 km/sec. 

The agreement is excellent if we assume the following mean 

absolute magnitudes for the stars of Campbell’s list: 


Be -Fais 1G; 0; KO torah eae: 


These values of the mean absolute magnitudes for the stars 
observed by Campbell appear quite reasonable, except perhaps in 


TABLE VI 
SuMMARY OF RESULTS 


F G K M 
Giants IN OR eaeaieea? 152 216 320 114 
WR OY Ts EAP tehaleoee ints O.I 0.3 0.8 o.1 
Ds ON aictetahey erates 21 27.0 27.0 29.0 
Di dratscaverte Cerner ZiT 2G) Bonn 34.4 
IR AG igen eed 18.0 207, 18.2 20.0 
HL Roe etei spore tette 4.1 17.4 18.2 I.4 
Corrected ian Omnresaetre ates 13.4 16.5 Type 20.3 
Dwarfs NOMEN ttnat cats IQ 184 148 18 
M>2.5 EYEE COE ans 4.8 6.2 TON 
Har aiera alain. 6.8 3750 Gees sins! Isp 
Oigueaee ceslerehey cana 43-9 Orr 60.8 64.3 
Mes Se aS oi Bey) 49.3 50.1 44.2 
Decaf, aeker ene ae aS Hay 25.8 2710) Asis) 
CormectedamO pret ae ee 17.8 24.5 25.6 is 


the case of the stars of the M type. For thése stars it seems prob- 
able that the systematic motions differ somewhat from those of 
other types, and hence our values of @ need a special correction in 
order to make them comparable with those obtained from stars 
distributed over the whole sky. 


* Lick Observatory Bulletin, 6, 125 (No. 196), rgrt. 
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It has been shown by Campbell’ that, if equal numbers of stars 
move in all directions, the average radial velocity should be exactly 
half the average space-velocity. This is strictly true only if stream- 
motion is neglected. A comparison of the results in Table V shows 
a remarkably close approach to this ratio among the giant stars. 
Thus for absolute magnitudes <2 we find for the ratio of space- 
velocity to radial velocity the values: 


F G K M All Types 
2202 I.98 1.96 Cy 1.92 


In view of the uncertainties introduced by possible differences 
in the systematic motions not allowed for in the determination of the 
average radial velocity, these results are rather surprising. 

For the dwarf stars the relationship holds much less closely, 
especially in types F and G. These stars in general have very high 
space-velocities, and, as will be shown in connection with an investi- 
gation of the directions of stellar motions, they exhibit very marked 
differences from the giants in their systematic motions. 

The variation of velocity with spectral type among the giant 
stars is fully confirmed by these results, the space-velocities show- 
ing it quite as well as the radial motions. The latter values, as 
already noted, are in good agreement with those of Campbell, 
except possibly for the M-type stars where the difference from those 
of type K issomewhat larger. Among the dwarf stars, the existence 
of such a relationship is very doubtful and there even appears to be 
a tendency toward a reversal of the effect found for the giants, 
the F and G stars moving more rapidly than the K and M stars. 
As already stated, the largest space-velocities are found among the 
F and G types. In view of the peculiar character of the motions 
of the rapidly moving dwarf stars it seems very doubtful if we 
can distinguish a relationship dependent upon absolute magnitude 
without a further great addition to our observational material. 

The values of the radial velocities shown in Table I among the 
very brightest stars of spectral types F and K and the Cepheid 
variables are quite comparable with those of stars of type B, and 
suggest that there is little variation with spectral type among 


I Siellar Motions, p. 215, 1914. 
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such stars. The material, however, is insufficient for a definite 
conclusion. The space-velocities of these stars cannot well be 
compared, since they are affected systematically by any accumula- 
tion of errors in their parallaxes or proper motions. 


24 365 GIANTS “h?(ay-Loay)" 


hMod 
FW)=qAry ¢ 


a V.=28.2 KM 
10 V =34.4 KM 


10 20 30 40 50 60 10 80 90 100 110 120 130 140 150 


131 DWARFS Vv =54.1 KM 


Vp=40.8 KM 
V =62.3 KM 


10 20 30 40 50 6 70 8&0 90 100 \I0 120 130 140 150 


Fic. 2.—Frequency-curves for space-velocities of stars of spectral type K. Upper 
curve is based on 365 giant stars, lower curve on 131 dwarfs. Abscissae are space- 
velocities, ordinates are numbers of stars expressed in percentages of the whole 
within the limits of every 10 kilometers of space-velocity. 


It is clear from the results of this investigation that the giant 
stars as a whole are much more homogeneous in character than 
the dwarf stars and show more clearly the effects of variation of 
velocity with absolute magnitude and spectral type. The latter 
show a much wider dispersion of velocities and are subject to 
systematic motions differing from those of the giant stars. This 
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is perhaps to be expected if the masses of the giant and dwarf 
stars differ to any considerable extent. 


THE FREQUENCY-LAW OF SPACE-VELOCITIES 


It is of interest to compare the observed distribution of these 
space-velocities with that given by Maxwell’s law. This assumes a 


TABLE VII 


COMPARISON OF FREQUENCY OF SPACE-VELOCITIES WiTtH THAT GIVEN 
BY MAXWELL’s Law 


F Type G Type G Type K Type K Type Ve Type 
M=2.5to | M=-1.5to| M=3.5to |M=-4.0to| M=s.5to | M=—3.8to 
v 5-7 2.5 6.6 12.5 9-7 +I.5 


km/sec 

Seo cag | Sa Sis! 55 59 14 | 14 | 107 | 107 if (EAN Soa Ie) 
20-40 90 | go | ror | ror 39) || 30) T54 as4el) 28a 2S c7aleeay 
40-60 ary 39} SO} 200), 45/27 | 58 1Ont “AS 27 1 eoul lees 
60-80 16 5 17 I 33 2 30 ° 24. II 7 I 

>8o 47 ° 12 o} 49 ° 16 ° 20 2 6 ° 


TORT aps 0.0352 0.0428 0.0351 0.0472 0.0263 0.0417 
Excess 

in per 

cent. 30 22 I51 30 76 De) 


random distribution in direction and contains a single constant, the 
modulus /, in the equation 


ONE a 


ery dy. 

Determining the value of % from the numbers of velocities 
between o and 20km and 20 and 4okm, we obtain the results 
shown in Table VII. WN, and WN, denote the numbers of observed 
and computed velocities within the limits given. 

This comparison at once shows a large excess in the number of 
observed high velocities over that required by Maxwell’s law. It 
is especially marked among the dwarf stars and is probably due to 
the fact that a strong correlation exists among the three components 
of space-velocities, a large component along one axis being in 
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general related to large components along the other two axes. 
Maxwell’s function is based upon the assumption that the three 
components are independent of one another. 

A type of frequency-function which represents much epee the 
observed distribution of space-velocities is one based upon the 
assumption of a normal error-distribution of the logarithms of 
the velocities.t If we transform such a function into one express- 
ing the frequencies of the velocities themselves instead of their 
logarithms, we obtain the form 


Pa Mod 
Vv 


e- (log 1—A)*qy ; 
TY 
the logarithms here having the base ro. 

This function contains two constants, # and A, the former of 
which is related to the probable error in the difference log v—A by 
the equation 

0-9745 
V 2h 


The quantity A is the algebraic mean of the logarithms of the space- 
velocities, or, 
A=log v=log v, 


where v represents the geometrical mean of the velocities. 
The arithmetical mean » and the most probable value v, are 
related to v, h, and r by the expressions 


a I 
log v=log Mode V-+2 .530 72, 


log » =log v— =log v—5.061 7. 


I 
2h? Mod 
Hence 

Vp VCD. a 


* Another type of frequency-function, involving only one constant, which repre- 
sents the distribution nearly as well as the logarithmic one, is 


hs 
F(v)dv= puede : 
This gives 


Sens 2 
Ur 5 Us ona . 
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Table VIII shows how this frequency-function represents the 
observed velocities. The stars have been grouped according to 
spectral type and absolute magnitude. In the case of the F-type 
stars it was found necessary to use the sum of two frequency- 
functions, since there exists*in this type a special group of stars 


TABLE VIII 


FREQUENCY OF SPACE-VELOCITIES ACCORDING TO LOGARITHMIC FUNCTION 


F Type G Type G Type K Type K Type M Type 
M=2.5to |M=-—1.s5sto| M=3.5to |M=-—3.5to| M=5.5to | M=—3.8to 
2 5.7 +2.5 6.6 +2.5 0.7 +1.5 
No Ne No Ne No N; No Ne No Ne No N, 
km 
OmtOs a cles 3 3:7 16 8.4 3 0.7 25 18.6 ° o.1 6 3.8 
FOMUQO wc wate. 30 Ghite, 30 49.2 | 11 9.9 82 88.7 7; 30S | 33.8.1 26.5 
AO=~ 304 nas 53 44.9 50 54.0] 17 20.7 89 89.4 7 13:5) | 37.0 | 3t76 
SO AO Wises « 37 38.7 42 38-7 | 22.5 | 24.0 65 62.5 21 19.9 | 20.5) | 23.5 
WO= SO. cae 29 28.2 17 24.8 | 28.8 | 23.4 41 39-4 2I 20.5 | 14 14.6 
BO GOw..0.0 + 12 19.2 13 15.0.) 25 20.1 17 24.1 22 17.8 9 8.9 
GO="FOR. sates Io 12.9 7 9.1 | 18.5 | 16.6 24 14.9 II 14.3 5 Re 
VO= SO. n wees 6 8.7 Io 5.0 | £4.58) 23.5 6 9.2 13 10.8 2 3.2 
SO= OOnea as 9 5.8 I 3.4. 1°x0 10.6 4 6.2 8 8.2 I 1.9 
Q0-100...... 8 3-9 I 2.4 | I0 8.1 & 3.6 8 5.9 2 1.3 
YOO-1EO. . 6.<' 2 2.7 2 r.5 7 6.3 2 2.6 I 4.3 ° On7 
RIQ-3120.. av. 2 1.8 ° 0.8 4 Bay ° 1.8 3 Bat ° 0.6 
T20=130... Sous I in3 2 O.7 3 4.1 ° 5a 4 3 224 \\ 0 0.3 
TZO-T40. a2» I £:z I 0.4 2 Bur I 0.7 2 I.6] 0 0.2 
TAO“TSO Ns «5:0 2 0.7 4 0.2 1.5 2.5 I 0.7 I Ing I O.r 
TP5O-200... 0005 9 2.5 
ASO=25 Ons cies ° 2.6 
250-300...... 2 3.4, 
300-350...... eet jer 
B5O-A00n.. 46 « 2.5) 31.0 a 2-9 5-5 | 10.8 5 Be 3 3-5 es On4 
400-450...... 2 2.2 
4SO—5O0- 6 <.000 I 1.7 
Ber we w leas 3 2.9 
Totals 227 |227.0 | 215 |215.0 |180 180.0 | 365 |365.0 |] 131 |131.0 |123 123.0 


of absolute magnitudes between 3 and 5 with velocities ranging 
from 160 to nearly 1000 km. 

The constants of the frequency-function v and 7, together with 
the arithmetical mean v and the most probable velocity v», are 
given in Table IX. 

The marked difference in space-velocity between the giant and 
dwarf stars is shown clearly in the results of Table IX. 

The principal results of this investigation may be summarized as 
follows: 

1. The average space-velocities of the stars of types F, G, K, and 
M vary with absolute magnitude to a marked degree. The 
increase of velocity with decreasing brightness is most regular 
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among the giant stars. Among the fainter dwarf stars, if the effect 
is present, it is concealed in large measure by the individual peculi- 
arities of motion. 

2. The tangential and radial velocities show results similar to 
those obtained from the space-velocities. 

3. The increase in average space-velocity is about 3 km/sec. 
for a decrease of one magnitude in brightness. In the radial 
velocity the increase is 1.2 km/sec. 


TABLE IX 
CONSTANTS OF LOGARITHMIC FREQUENCY-FUNCTION 
Type m v r % v No. 
vir 
Piste eesetasit: +2.5to +5.7 35-6 0.178 24.6 2.8 207 
1 8 i eae tae +2.5to+5.7 346.0 O.104 306.0 368.0 20 
Gia een —1.5to+2.5 29.1 0.178 2001 B50 215 
Goer ts +3.5 to +6.6 550 ©.190 36.2 O7e7, 180 
Oe rears s —3.5 to +2.5 28.2 0.185 18.8 34.4 305 
ers ey obi see +5.5 to +0.7 54.1 0.156 40.8 62.3 io 
ONT eats tec tess —3.8to +1.5 29.7 o.17I ar 5D) 123 


4. The average space-velocity of the giant stars is very nearly 
twice the average radial velocity, a result which would follow strictly 
if equal numbers of stars moved in all directions. 

5. The variation of velocity with spectral type is well marked 
among the giant stars, but is much less certain among the dwarfs. 

6. The very brightest stars intrinsically of all the spectral 
types appear to have nearly equal radial velocities. 

7. The greater homogeneity of the giant stars as a class and 
their comparative freedom from large individual motions are 
indicated by these results. The dwarf stars show a very wide 
dispersion in motions. 

8. The frequency of the space-velocities cannot be represented 
adequately by a distribution according to, Maxwell’s law, there 
being a large excess of high velocities. A type of frequency- 
function based upon the assumption of a normal error-distribution 
in the logarithms of the velocities is found to satisfy the observa- 
tions in a much better way. 

Mount WILson OBSERVATORY 

April 1921 
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THE ELECTRIC*-FURNACE SPECTRUM OF 
SCANDIUM 


By ARTHUR S. KING 


ABSTRACT 


Spectrum of scandium in arc and in electric furnace, \ 3015 to 65590 A.—A highly 
purified sample of scandia, prepared by Sir William Crookes, was placed in a graphite 
boat in the tube-resistance furnace operated as usual at low pressures. The relative 
intensities of 307 lines on grating spectrograms, obtained with the furnace at a 
temperature of 2000, 2250, or 2600° C. and with a carbon arc containing scandia, 
are recorded in Table I, together with the classification of each according to its behavior 
in furnace and arc. About 25 lines enhanced in the spark and 150 lines enhanced in 
the furnace are indicated by E and A respectively. The 29 arc-flame lines are all A 
lines but are scattered through temperature classes I to III; they cannot be due to 
oxidation, since none took place in the furnace. On the other hand, since the band 
lines are practically absent from furnace spectra, they are probably due to the oxide. 
These results are of great interest in relation to solar and sun-spot spectra. The A 
lines and low temperature furnace lines are absent or very weak in the solar spectrum 
but are prominent in the sun-spot spectrum. 

Zeeman effect for scandium lines in sun-spot spectra is large and apparently uni- 
form. Laboratory observations are lacking at present. 

Observations as to chemical properties of scandium.—The scandia fused in the 
furnace seemed to form a carbide with the graphite boat. The shining black residue 
turned to a gray-brown powder after exposure to the air, presumably from the reabsorp- 
tion of oxygen. 


Scandium occurs in small amounts in a number of the rare-earth 
minerals, but its extraction in a fair degree of purity is an exceed- 
ingly difficult matter, and, as its separation has not been stimulated 
by any commercial application, the substance is extremely scarce. 
The late Sir William Crookes' described his examination of a large 
number of minerals in a search for those containing scandium. 
Wiikite, found in Finland, proved to contain over 1 per cent of scan- 
dium oxide (scandia) and was used by him to furnish pure scandia. 
The final difficulty in the tedious process of separation was the 
elimination of the closely related elements yttrium and ytterbium. 

The spectrum of scandium is especially interesting on account 
of the peculiar intensity relations, to be discussed presently, among 
the scandium lines in the solar spectrum. An examination of 
the behavior of the lines at various temperatures of the electric 


t Philosophical Transactions, A, 209, 15, 1909. 
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furnace was therefore desirable, in order to determine the part 
which temperature may play in bringing about the peculiarities 
observed. 

Through the good offices of Professor Fowler, I have been able 
recently to obtain a sufficient amount of highly purified scandia to 
carry out the examination of the furnace spectrum. This scandia 
was prepared by Sir William Crookes. His former assistant, 
Mr. J. H. Gardiner, very kindly placed the material at my disposal 
through Professor Fowler. 

In the earlier solar investigations in which the spot spectrum 
was studied it was noted that certain lines intensified in the spot 
coincided with lines in the scandium arc, while other strong arc 
lines were absent in the spot, though present in the solar spectrum 
and prominent in the chromosphere. Fowler* explained this 
phenomenon by producing, besides the regular arc spectrum, the 
spectrum of the arc in hydrogen, which approaches that of the 
spark, and the spectrum of the flame of the arc, in which certain 
lines are given a high intensity. His results showed clearly that the 
lines prominent in the spot spectrum are those given by the flame of 
the arc and probably result from a reduced temperature in the spot, 
while the scandium lines missing from the spot spectrum are 
enhanced lines, though present often with considerable intensity 
in the arc. The occurrence of three distinct types, enhanced, arc, 
and flame lines, in the scandium arc is a feature shown by some 
other elements, notably titanium, the low-temperature lines of 
which have been selected by the furnace,? while many lines promi- 
nent in the arc are much enhanced in the spark. 


EXPERIMENTAL METHOD 


The tube-resistance furnace was operated as usual, the chamber 
being pumped out to a few millimeters’ pressure. To avoid scatter- 
ing of the scandia in the tube, the powder was put in a small com- 
bustion boat of graphite, which was placed at the middle of the 
furnace-tube. The image of the space above this boat was focused 
on the slit of the spectrograph. The scandia fused in the boat, 


* Philosophical Transactions, A, 209, 47, 1909. 
* Mt. Wilson Contr., No. 76; Astrophysical Journal, 39, 139, IQI4. 
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entering to some extent into the graphite as if a carbide were 
formed. ‘The fused residue was a shining black when removed from 
the tube, but after exposure to the air for some time turned to a 
gray-brown powder, presurhably from the reabsorption of oxygen. 

The spectrograms were made with a 15-foot concave-grating 
spectrograph, the second order with a dispersion of 1mm=1.86 A 
being used for the ultra-violet, and the first order for the region 
from \ 3800 into the red. 


EXPLANATION OF THE TABLE 


The method followed in the study of the furnace spectrum of 
scandium was the usual one of selecting three temperature stages, 
the lowest of which gives a small number of distinctive lines. These 
lines are of two kinds, some remaining practically unchanged or 
even losing in strength as the temperature is increased, while others 
strengthen with rising temperature and frequently show wide 
reversals. These two kinds of lines are given in Table I as belong- 
ing to Class I and Class II respectively. 

A higher stage, designated as medium temperature, brings out a 
large number of lines, placed as a rule in Class III, while a still 
higher temperature gives the lines of Class IV. Still other lines, 
which are absent or very faint in the high-temperature furnace, 
go into Class V. The furnace temperatures required to bring 
out lines of these various classes differ with different elements. 
For scandium the three stages selected were 1900° to 2000° C. for 
the low, 2250° for the medium, and 2600° for the high tempera- 
ture. 

In Table I, the wave-lengths in the first column are those of 
Exner and Haschek* for the arc spectrum. The arc wave-lengths 
measured by Fowler? cover the visible spectrum beginning at A 3934 
and include some lines not measured by Exner and Haschek. 
The wave-lengths, according to Fowler, of such lines are denoted 
by a dagger. The enhanced lines of scandium form an important 
class. I have taken Fowler’s selection of these and designated 
them by “E” after the class-number. Finally, a large proportion 

 Spektren der Elemente bei normalem Druck, Leipzig, 1911. 

2 Loc. cit. 
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TABLE I 
TEMPERATURE CLASSIFICATION OF SCANDIUM LINES 
——————————————————— S505 
FuRNACE INTENSITIES 
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TABLE I—Continued 
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r REMARKS 


3015-3040. Weakened at high temperature through incipient absorption and 
appear readily in absorption when continuous ground is present. 
3040 is faint in arc, given intensity 1 by Exner and Haschek. 


3343. Probably double. ; ee 

3559. Blend Ti. Probable intensity of Ti line subtracted. 

3635. Blend with impurity line at high temperature. 

4023.30. Blend with \ 4023.88 at high temperature. 

4226. Blend with impurity line at high temperature. 

4385. Blend V. Very faint in furnace. ; 

4545. Blend Ti. Probable intensity of Ti line subtracted. 

4671. Blend V. Faint if present in furnace. 

4732. Disturbed by carbon. 

4841. Blend Ti at medium temperature. 

4934. Slightly affected by Ba blend. 

4984. £5 Probably double. 

5087-5117. Disturbed by carbon. 

5631. Disturbed by carbon. 

6239.64. Measured in low-temperature furnace. 

6306. 26. Measured in low-temperature furnace. 

6487, 6526, 6558. Disturbed at high temperature by band lines probably due to 
carbon. 


of the scandium lines are found to be relatively strong in the furnace, 
at least at high temperatures, as compared with the arc. These 
are indicated by “A” after the class-number. The large number 
of these lines results in a measure from the choice of standard 
intensities in the arc and furnace spectra, but is chiefly due to the 
fact that there is less contrast among the scandium lines in the 
furnace than in the arc. Consequently faint arc lines often come 
out distinctly in the furnace, and if such lines were given the same 
intensity in arc and furnace very high values would have to be 
assigned to the stronger lines in the arc. The general meaning 
of “‘A” after the class-number then is that the furnace conditions 
are relatively favorable for the line in question. 

The arc intensities entered in the second column were estimated 
from photographs taken with scandia in the carbon arc. Not desir- 
ing to use much scandia for a minor part of the investigation, 
I made but one set of arc spectrograms; consequently there was 
no variation of the arc conditions. Some of the fainter arc lines 
measured by Exner and Haschek and by Fowler did not show in 
my arc spectra, usually on account of disturbance by the prominent 
flutings. In such cases the arc values, usually from Fowler’s list, 
are entered in parentheses. 
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An asterisk adjacent to the wave-length in Table I refers to a 
note among the “Remarks” at the end of the table. When a 
trace only of a line is to be seen, the intensity is denoted by “tr.” 


4a 


DISCUSSION 


1. Noteworthy lines of scandvum.—The temperature of approxi- 
mately 2000°, designated as “low” for scandium, is about the 
same as has been employed as a medium temperature for several 
elements previously studied, so that the occurrence of low- 
temperature lines at wave-lengths as short as \ 3000 presents no 
anomaly. 2980.87 is probably to be classed with \X\ 3015.50 
and 3019.48, as it appeared at 2000°, but it is too near the end of the 
plates to show on those taken at higher temperature. Ad 3255.81, 
3270.08, 3273.79 are strong and easily reversible lines. They 
maintain about the same relative strength except at low tempera- 
ture, when the persistence of the first of the group justifies placing 
it in Class I. In this region, and throughout the spectrum, many 
lines remain about as strong at 2300° as at 2600°. Plates taken at 
2100° showed lines of this type just appearing. ‘Their absence 
in most cases at 2000° causes them to be placed in Class ITI. 

Several strong lines occur in the violet, from 3908 to » 4083. 
These are strong in the arc and reverse in the furnace at high 
temperature, retaining a considerable intensity at lower tempera- 
tures. From 4100 to 4700, the furnace gives no strong lines, 
and such lines as appear do not show at low temperature. The 
strong lines given in this region by the arc are uniformly classed 
as enhanced lines. Near \4750 a prominent group occurs, includ- 
ing the remarkable Class I lines \\ 4753.34 and 4779.59. These 
are not notably strong at high temperature, though their low density 
is caused partly by the beginning of reversal. At low temperature, 
however, they are much the strongest lines of the region, indeed, of 
the whole visible spectrum, with the exception of the very strong 
lines in the red. 

Through the green and yellow the prominent lines are mostly 
arc lines which diminish gradually in strength with decreasing 
furnace temperature. 
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The region from \ 6146 to \ 6448 contains some very noteworthy 
lines. The stronger ones are relatively stronger in the furnace than 
inthe arc. Two of them, Ad 6240 and 6306, have faint companions 
in the arc which have not previously been measured. These 
weak companions attain high intensities in the furnace and were 
measured on low-temperature furnace plates as \ 6239.64 and 
d 6306.26. The lines in this red group are of three types, Class II 
and two varieties of Class I lines, some of the latter having about 
equal strength at all temperatures, and others being very strong 
at low temperature. A contrast between these two kinds of Class I 
lines is offered in the close pair \ 6305.94 and A 6306.26, the 
former betoming three times as strong at low temperature as at 
high, while the latter retains the same strength at all the three 
temperatures. Especially notable is \ 6448.42. This has been 
measured in the arc only by Fowler. I have found it as a very 
faint line on a strong arc spectrum. In the furnace it is strong at 
all temperatures, but shows the behavior usually associated with 
strong arc lines, falling off rapidly with decreasing temperature. 
Fowler does not include it among the lines strong in the flame of 
the arc. It is difficult to account for a line of this type on the 
basis of dependence on intensity of excitation, as the arc condi- 
tions are distinctly unfavorable for it and it is relatively weak also 
at the low furnace temperatures. There being no reason to ascribe 
the line to an impurity, it must for the present be regarded as 
especially sensitive to some feature peculiar to the furnace radiation. 
d 6345.06 shows a similar, though less pronounced, behavior in 
arc and furnace. 

In addition to this type we have all gradations of intensity at 
different furnace temperatures for lines which are faint in the arc. 
Those of Class IA may be regarded as responding especially to 
low temperature. The many lines belonging to Class IV A, which, 
while faint in the arc, are strong at high furnace temperature, 
appear to respond only to a limited range of excitation. 

2. Enhanced lines.—In the scandium spectrum we find the 
furnace able to produce with considerable intensity a number of 
enhanced lines. Of those given by Fowler in the visible region, and 
sufficiently strong in the arc to be entered in my list, ro are in 
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Class V, 8 in Class IV, and 7 in Class III. This means that at 2250° 
some enhanced lines are given distinctly by the furnace. In most 
cases these are much stronger at 2600°, though \ 4247 is an excep- 
tional line showing about thé same strength at both temperatures. 
In every case the relative intensity in the arc as compared with the 
furnace is much greater than that of the regular arc lines. 

In the furnace data given here and previously we have a 
confirmation of the view regarding enhanced lines expressed by 
Fowler in his paper on the scandium spectrum.t He called atten- 
tion to the fact that in the spectra of titanium, calcium, strontium, 
and barium, as well as of scandium, the arc gives strong lines which 
have all the characteristics of enhanced lines. The furnace results 
show the relation among the enhanced lines of these several ele- 
ments. Those of titanium? are just visible in the high-temperature 
furnace and are placed in Class V. Some of the scandium enhanced 
lines appear at medium temperature and go into Class III, while 
the H and K lines of calcium and the homologous pairs of strontium 
and barium: persist with considerable strength at temperatures as 
low as 1650°, and on account of their rapid increase at higher 
temperatures and in the arc are assigned to Class II. 

Enhanced lines of different elements thus differ greatly as to the 
excitation required for their initial appearance. When given at all 
by the furnace, they agree in their rapid strengthening with increase 
of temperature and in the arc and finally in the great intensification 
shown in the spark. The last feature distinguishes them from the 
large group of high-temperature lines which in laboratory sources 
reach their maximum intensity in the arc and are unaffected or 
even weakened in the spark. 

3. Comparison of arc-flame and low-temperature furnace lines.— 
By proper manipulation of the arc, a spectrum from the outer 
vapors can often be obtained which differs materially from that of 
the vapor in the direct path between the electrodes. The lines 
relatively strong in this “arc flame” are usually considered as the 
low-temperature lines, though in the arc the action of temperature 

TOP. cit., p. 52. 

2 Mt. Wilson Contr., No. 76; Astrophysical Journal, 39, 139, 1914. 

3 Mt. Wilson Contr., No. 150; Astrophysical Journal, 48, 13, 1918. 
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may be complicated by the vigorous oxidation taking place in the 
enveloping vapor. 

Fowler? lists 29 of the principal arc-flame lines of scandium for 
the visible region and compares them with the corresponding sun- 
spot lines. All of these are strong in the furnace, usually at low 
temperature, though some belong in Class III. These lines, 
however, are strong also in the regular spectrum of the arc, in 
which the radiation of flame and core are superposed. In the 
same region the furnace gives 13 strong furnace lines not in Fowler’s 
list. These are often stronger at low temperature than some of the 
arc-flame lines. All of them, however, are relatively weak in the 
arc, being tines with “‘A” after the class-number. This comparison 
shows how far the arc flame may be used to select low-temperature 
lines and also its limitation in this respect, in that it does not 
bring out with any notable intensity those lines which are faint in 
.the core of the arc and, for some reason at present obscure, are 
strong in the furnace spectrum. 

In the iron spectrum, the degree of extension into the flame 
of the arc of the various classes of furnace lines was studied by the 
write? and it was then remarked that lines of Class I A appear to be 
radiated almost entirely by the outer vapors but are inherently 
very faint. For the study of such lines the furnace conditions are 
very advantageous. 

The fact that the low-temperature furnace in a partial vacuum 
gives all of the lines prominent in the scandium arc flame, and a 
number besides, is evidence that the oxidation in the arc flame is not 
influential in producing the lines observed, but that they are due 
to the reduced temperature in this region of the arc. 

4. Band spectrum.—The flutings prominent in the scandium 
arc burning in air were usually entirely absent in the furnace 
photographs. Only on some long exposures at low temperature 
was the head of the orange band at \ 6036 visible, and but one 
of these showed any development of structure. This evidence, 
as far as it goes, favors the view that the bands are due to the 
oxide, since, although the material was initially in the oxide form, it 

t Op. cit., p. 60. 

* Mt. Wilson Contr., No. 66; Astrophysical Journal, 37, 239, 1913. 
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appeared to be reduced at once with the formation of a carbide, in 
which case the oxygen would unite with the carbon of the tube. 
The prolonged exposures in some cases may have allowed a little 
oxygen from the residue of air in the chamber to combine sufficiently 
with the scandium vapor to show the one band observed. If the 
flutings were due to scandium itself they should have appeared at 
one of the temperatures used, since in general the vacuum furnace 
is very effective in producing a banded spectum when this is due 
to the metal being vaporized. 

5. Comparison with solar and sun-spot spectra.—The data now 
available furnish an extension of the observations of Fowler in 
regard to the scandium lines occurring in solar and spot spectra. 
In the first place a comparison of the lines in Table I with Rowland’s 
“Table of Solar Spectrum Wave-Lengths” shows that, though only 
a few are identified by Rowland as belonging to scandium, and 
these in almost all cases enhanced lines, a large proportion of the 
scandium wave-lengths agree closely with those of solar lines. A 
number of these probable coincidences are listed by Lockyer and 
Baxendall.t The strength of scandium lines in the sun bears a 
rather close relation to the degree of electrical excitation in the 
laboratory, the strongest, graded 3, 4, or 5 on the Rowland scale, 
being enhanced lines or those strong in both arc and spark. Those 
showing no marked response to electrical excitation, but often 
strong in both furnace and arc, are faint in the sun, usually below 
intensity 1; while lines relatively strong in the furnace, designated 
by ‘“‘A” after the class-number, are uniformly either of intensity ooo 
or 0000 in the sun, or entirely absent from Rowland’s table. In 
this latter class the pronounced low-temperature lines Ad 4753 and 
4780 have no counterparts in the solar spectrum and such powerful 
furnace lines as AA 6194, 6259, 6306, 6379, 6413 are either lacking 
or just at the limit of visibility. 

A comparison with the sun-spot spectrum showed a decided 
prominence of the lines which are strong in the furnace. For this 
purpose the lines in Table I of intensity 1o or higher in the furnace 
spectrum were selected. While some of them are indistinct or 
disturbed by blends, there is little question that these lines are 


t Proceedings of the Royal Society, 74, 538, 1905. 
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very generally present in the spot spectrum, and a striking increase 
appears regularly over the intensities in the solar disk. 

The material available was used in two ways. First, a com- 
parison was made with a list of spot lines compiled several years 
ago from spectrograms of moderate dispersion. In these the effect 
of the magnetic field in the spot was usually simply to widen the 
line, so that intensity estimates were more easily made than when 
the lines are resolved into magnetic doublets. In this list low- 
temperature scandium lines not visible in the solar spectrum often 
appeared in the spot with a value of at least oo on the Rowland 
scale, while \ 6413.57 of this type reaches an intensity of 2 in the 
spot. Lines with a solar strength of 0000 or oo usually strengthen 
to 2 or higher in the spot. 

The second comparison was with the more recent large-scale 
spectra in which, by means of a nicol prism and compound quarter- 
wave plate, the intensity of the line and also its response to the 
magnetic field are recorded across the spot and over a portion of 
the disk on each side. In these spectrograms the relatively high 
intensity in the spot of the scandium furnace lines is very pro- 
nounced, and many fine cases of magnetic separation occur. Lines 
faint or invisible in the solar spectrum appear with considerable 
strength in the spot, even when resolved into two components. 
Some of these magnetic doublets are very wide, notable among them 
being the strong furnace lines A 5717, 6194, 6240, 6259, 6276, 
6306.26, 6345, 6414. As is usual with magnetic resolutions, the 
average width decreases as we proceed toward shorter wave- 
lengths, though low-temperature lines such as AA 4753 and 4780 are 
notable both for strength in the spot and for sensitiveness to the 
magnetic field. Judging from the spot spectrum, since there are 
no laboratory observations of the Zeeman effect for scandium, a 
uniformly strong response to the magnetic field characterizes this 
spectrum. 

CONCLUSION 

The varying response of spectrum lines to temperature change, 
observed in the study at different temperatures of the furnace 
spectrum of scandium, has concerned itself especially with the con- 
ditions of appearance and development of the three main types— 
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enhanced, arc, and low-temperature lines—which make up the 
spectrum. The scandium enhanced lines, as regards degree of 
excitation required, stand between the enhanced lines of titanium 
and those of the type of H and K of calcium. For the lines appear- 
ing in the arc spectrum the regular temperature classification is 
carried out. The group of arc lines given by the arc flame con- 
sists of prominent low-temperature lines, but, since many lines 
strong in the furnace are relatively weak in all parts of the arc, 
additional data on this type of line are supplied by the furnace 
spectrum. 

The explanation advanced by Fowler as to the relative strength 
of the different types of scandium lines in the solar and sun-spot 
spectra is fully confirmed by their varying response to the furnace 
excitation. The strong low-temperature lines, faint or lacking 
in the disk, are distinctly brought out in the spot, and, especially in 
the red, show high sensitiveness to the magnetic field. A com- 
parison of the Zeeman effect for scandium in the laboratory with 
that shown in spot spectra and a fuller listing of the scandium lines 
present in the sun are needed to give this element its due place 
among those on which solar studies are based. 


Mount Witson OBSERVATORY 
May 1921 
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THE SPECTROSCOPIC BINARY BOSS 3644 VIRGINIS 
By JOHN C. DUNCAN 
ABSTRACT 


Spectroscopic binary Boss 3644, Virginis—The elements of the orbit of this sixth- 
magnitude star of type F2 have been determined from eighteen spectrograms. P is 
2.6960 days, K is 24.3 km/sec., y is 17.6 km/sec., and ¢ is 0.00. A velocity-curve 
is given. 

The radial velocity of the star Boss 3644 (a= 1458™5, 6= — 22°25’; 
1900.0) was found to be variable by Miss A. M. Brayton from her 
measures of three spectrograms made with the 60-inch reflector 


and single-prism spectrograph early in 1920. During the current 


TABLE I 


OBSERVATIONS OF Boss 3644 


Days after! Observed 


Plate Date, G.M.T. J.D. 2422000+ yeaa Velocity Oo-C 
SOOO ties ome ot 1920 Feb. 5 1x5 o6™ 360.046 1.471 | — 3.2 | + 2.6 
WOOZe esa cer Mar.3r 21 57 415.915 0.724 | +10.6 | — 4.2 
D220 6 wires 6 May 31 20 20 476.847 2.344 | +34.2 0.0 
(Ctetsies, Sie iene Tozt Jan, 29° 1°02 719.043 1.900 | +11.7 | + 0.9 
MOOS Farewe. S.c1/42 Feb: 17 23 «18 738.971 ©.260 | +48.0 | +10.4 
NOG ROS, oe eee Hebwro, fe14 740.051 1.340 | — 2.7] + 4.0 
(Oe Sees Feb. 20 I 07 741.047 2.336 | +41.8 | + 7.9 
GOSS cisetevere ec Feb, 20 22 23 741.933 0.526 | +28.8 | + 3.0 
QOAS esos = <r. « Bebs:23'-23,.) 12 744.966 ©.8063 | + 3-6 | — 3.7 
OQOROn eaves es Feb, 25 22 31 746.938 0.139 | +34.9] — 5.8 
GOV atta patois s Feb. 26 23 35 747.983 1.184 | — 5.6 | — 0.6 
TOOL a ouate-sa-e 8 Mar.19 21 55 768.913 0.546 | +21.4 | — 3.3 
ROCA ae ORE Mar. 20 19 38 769.818 Bios) |) —osmeney || <> Lyato) 
TOOQVierscyatsees > Mar. 20 22 09 769.923 1.550] — 3.8] + o.1 
OOS Obie aieie <ocs Mar. 22 20 17 771.845 0.782 | --132-2 | =-9 2.7 
TOOS Ais shel oz iv- css Mar. 23 0 30 772.014 0.951 | + 5.2 | + 2.2 
TOOOD vets gic = = Mar. 27 19 16 776.803 0.348 | +32.8 |] — 1.6 
TOOOOmeje,«.s o <1 Apr. 17 22 43 797.947 2.620 | +35.5 | — 6.1 
TOULRA Sihere s/s o- Apr. 27 19 31 807.813 I.702 | + 0.2 | — 0.9 
TOTAZ sre. . 2 elvle = Apr. 28 19 12 808 . 800 2.689 | +39.9 |] — 2.0 
OLAS ores ccs-vcis Apr. 28 19 36 808.817 0.010 | +41.0] — 0.9 
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year, eighteen additional plates have been secured by various 
observers with the same equipment. All the plates are listed in 
Table I, in which the column headed “Observed Velocity” gives 
for each plate the mean result of Miss Brayton’s measures and 
mine. The numbers in the fourth and last columns are derived 
from the circular elements given below. 

The star is of the sixth magnitude and of spectral type Fe. 
From eight to twelve lines were measured on each plate, those 


km/sec a 3 days 
+50 


Velocity-curve of Boss 3644 


chosen being of iron and occasionally of hydrogen. Preliminary 
elements were derived by the method of Lehmann-Filhés as follows: 
P= 2.6960 days 


K=25.0 km/sec. 
@ = 320° 
e€= 0.08 


T=J.D. 2422746 .45 
vy=+17.47 km/sec. 


A least-squares solution was based on these elements, using 
only the eighteen plates of 1921 and omitting the period. As the 
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resulting correction to the eccentricity was —o.11+0.06, this 
element was assumed to be 0.00 and a second solution was made 
with 7, K, and y as the only variables. By the first solution Zvv 
was reduced from 443 to 338, and by the second it was further 
diminished to 333. The circular elements from the second solution 
and the period originally found are: 


P=2.6960 days 
K=24.34+1.08 km/sec. 
€=0.00 
To=J.D. 2422744 .103 0.023 
y=+17.60+0.85 km/sec. 
@ sin 1=902,300 km 
m3 sins 4 


(mm)? ° .00404 © 


To indicates the epoch of maximum positive velocity. In the 
accompanying velocity-curve the radius of the circles representing 
the observations is equal to the probable error of a single plate, 
== 3.18 km/sec. 


Mount WItson OBSERVATORY 
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INVESTIGATIONS ON PROPER MOTION 


FOURTH PAPER: INTERNAL MOTION IN THE SPIRAL 
NEBULA MESSIER 51 


By ADRIAAN VAN MAANEN 


ABSTRACT 


Spiral nebula Messier 5r—A comparison of a plate taken by Mr. Duncan on 
April 8, t921, with one taken by Mr. Ritchey on February 7-8, 1910, both at the 
25-foot focus of the 60-inch reflector, enabled the proper motion of the nebula and the 
relative motion of its parts to be determined. Measurements of 80 points of the neb- 
ula compared with those of 20 stars give for the nebula an annual proper motion 
of +0%006 in right ascension and +0”oo1 in declination. The internal proper motion 
is not a pure rotation since the mean radial component is outward and is 42 per cent 
of the mean tangential component which is 07019 ENWS; rather it is a spiral motion 
out along the arms at the rate of o%021 per year together with a slight outward radial 
motion of 07003. 

Two sixteenth magnitude stars with large proper motions, about o”15 per year, 
were found near Messier 51. They are called f and r. 


Five years have elapsed since the first evidence of internal 
motion in a spiral nebula, as derived from direct photographs, was 
announced in this Journal. The time interval between the old 
and new plates taken at the 25-foot focus of the 60-inch reflector 
has now been doubled, thus quadrupling the weight of the annual 
motions derived from them; it was accordingly thought worth 
while to investigate several objects of this class. 

The first spiral nebula for which two plates with a ten-years’ 
interval became available was M 33. A note concerning the 
preliminary measures for 51 points of this nebula has appeared 
elsewhere.? These results show a decided internal motion, which, 
as in the case of M ro1,' can be explained either as a rotation 
combined with a radial motion outward, or as an outward motion 
along the streamers of the nebula. More elaborate measures of 
this object await the securing of another plate. If, as is hoped, 
we can measure several hundred points in this object, some light 
may be thrown on the laws that govern the motions. 


t Astrophysical Journal, 44, 210, 1916. 
2 Proceedings of the National Academy of Sciences, 7, 1, 1921. 
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In the meantime Mr. Duncan secured a plate of the spiral 
nebula M s1, of which Mr. Ritchey had previously taken several 
photographs. Duncan’s plate, taken April 8, 1921, compares most 
favorably with one secured by Ritchey on February 7 and 8, 1910. 
Both plates were exposed 3 hours and 55 minutes and are of good 
quality. Eighty points, presumably belonging to the nebula, 
were measured, while for comparison purposes 23 stars were 
selected. Further, two photographs taken by Mr. Seares, one 
with and one without a yellow color-screen, enabled me to see if 
objects were included in either category which probably did not 
belong there. Of the 80 nebulous points only one, No. 27, was 
decidedly.red, and may therefore not be a part of the nebula. In 
the discussion of the internal motions this point was on this account 
excluded. Among the comparison stars, on the other hand, one 
object, 7, was found to be decidedly blue. As for this reason it 
may be a part of the nebula, it was excluded for comparison pur- 
poses. A rough reduction of the measures showed, moreover, 
that two of the comparison stars, f and 7, have large proper mo- 
tions. These were also excluded, leaving 20 comparison stars in all. 

The plates were measured with the new stereocomparator— 
which will be described in another article"—in four positions, with 
the directions east, west, north, and south successively coinciding 
with that of increasing readings of the micrometer screw. 

In order to deal with smaller values in the computations, the 
mean measured displacements in right ascension and declination, 
expressed in parts of the micrometer screw, were reduced to dis- 
placements in o”o0o1 per year by multiplication of the factor 

27200 


~ 31890X 11. 60 ow 


q 


in which 27200 is the number of thousandths of a second of arc 
per millimeter on the plates, 31890 the number of the parts of the 
micrometer screw per millimeter on the plates, and 11.16 the 
interval in years between the two plates. The resulting values, 
m, and ms, may be reduced to annual proper motion by 

Moa = a+ bat cy+dx?+ exy+fy?+ Ma, 

ms =a'+b'x-+cly+d’x?+ ely +f’y?-+ us , } 

4 Mt. Wilson Contr., No. 224, 1922. 
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TABLE I 
CO-ORDINATES AND MEASURED ANNUAL DISPLACEMENTS 


No. x y Mo sar 
4 
PEN +o!4 +-1/6 —0%036 —o0"006 
Ron hiastene aa Ris 3.4 = Aes + 22 _ 4 
See eee +4.9 +2.7 - 6 + 8 
Sei crakie cats s 3.4 ites ao ae = 4 
Bree ere wie, Sapte: Simeayé —3.1 + 9 + 15 
nrc tate cit tere 3.0 —O.0 — 140 + 38 
Becerra —0.3 —7.3 _ 9 =_ 7 
Ree cis Scie e +0.6 Shak + 9 - 5 
ona Geer Sain =e ° - 9 
“PEAS CESS et +0.5 —2.2 + 27 ° 
SPO eS aan —3.1 —2.4 + 6 + 30 
soe Road —2.4 —1.9 + 10 + 6 
Bsdtdrase tm oss 5 — 20 O75) = £Y =) 925 
Meise iaces ys Ste — TQ —©. 2 aie hes + 4 
Bye a anhaelans aleve is —Tot Ons + 19 = 2 
> SPA aerate Te -+0.9 A et LO) 
Berar ceeie rs cic —I.5 +2.4 - 8 ° 
Soca ee aca 2a +2.5 — 159 — 34 
2 rae ee An Spas? = el, — 4 
Bees see tye nist --0.8 ciaaeO + 9 |) + 4 
BEMIS ER ac, hisaersets —o.8 +4.0 - 3 =e ti 
So a ey +327 -+--1.3 ° — I 
Wet aU aie ts scsi eats -2:..5 +0.4 ° — 5 
SH One 0.5 0.0 ap PN a KS 
Ein onekere (ata she's +0.6 —O.2 Sa Do + 6 
ACG ARTO +0.5 =O ee + 6 
tees ree +0.6 S2)x8) == eT 2 + 4 
tetas te te sake oes 0.0 —0.9 + 4 + 9 
a chs enemas ay shes 0.0 —1.0 =P 9 == 3 
San Gece Oot =o. Saw Ey a5 9 
Rk m ore oe ek — tO) —0.9 — I _ I 
hay eek ee —1I.5 --0.3 - 3 — 19 
Mere Aho SF itn +1.3 — 16 — 22 
= degen ete — 158 eg + 36 — 18 
Pin cients ort s —1.0 +2.1 - 8 —- 24 
Bos io Se ie — Ong 2.0 + 11) — 9 
Saou orenre On +1.6 = §23 _- 7 
sie TAS Peres Ons, -++1.0 —- 23 — 28 
ere Nees secon 0.0 1.0 te 8 _ 9 
i cid aS ROE ae ae +0.5 +—+- «II + 0 
ba acon eee Sibel +0.5 + 22 + «17 
Peers cidrtre. +1.4 0.0 + 28 + 19 
BICC OECD A spits) —0.6 + 24{; + = #16 
ate eaeeseyeie tes otoss oa Oni + 43]! + 29 
moe te eters +1.6 —1.6 - 6 + 17 
Brae +1.6 —2.1 sa TT + 28 
Thee aera ce Spi & =O) — 26 + Fi 
as eee ea aS Or ae) te — 2] + 23 
Jo Oe See aS +1.1 —2.1 a 25 + 24 
Be ete ceaetnnete cts —2.1 +0.9 + 8 — 45 
Sac Grn Cee On —2.2 +0.9 _ 7 — 21 
Rae TOS +o0/9 +215 +o0%025 | —0%003 


bo 
is} 
WwW 
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TABLE I—Continued 


No. * y Ba Us 

On Me. era ea +113 +2/2 +ovor4 | +07008 
BEL ele Vealeh adh ano ae) Sr ie aee eae 
Bou Mobanicaey a spa 1.0 arcs) =a TIC) + a 
3G ANIL Nan chapels fe seit ate) Seilt ts rie) | DAL Sie, 243 
RANMA ae alate ot shel ele anaes) area? = Ui aaa eyes 
Ra aa Benige.c +2.4 +0o.2 + 18 Sie |B) 
SO a ae ras Weiler +2.7 Tye -+- 9 mie vette) 
BTU os el aes eee +-2.4 as = 8 a5 2B 
BS cial ahve mit 2a Be — I Se Bes 
OM aaa ee st +1.9 —4.0 = 9 an ese 
BOR MALLE ey Renae +2.0 —4.2 = 6 Sil nites 
TES RRM Mis Rhea boc al) 52 — 25 + 26 
PS USAT, renters rae toda te +o.6 —0.9 + 20 + 5 
Pi ae eH ein St Ra One ono = | ike geo 

Hue meet bic OG) —=O7.0) = 5 == 13 
he HI PR RE A ie teenie Hh 1.2 —=On.7 + 5 — 28 
PASAT Asis We rap ee 2.1 —0.2 = 16 _ 6 
PGA oo Es ERs LOIS tgs: 0.0 a 3 — 33 
DTA E Ante) ABI —2.5 Ono + 2 ery, 
AQ sera abnnnalens see —2.7 ciOme + 10 — 24 
SOM ate orate —1.8 Ons + 6 — 29 
Lp Sees Rie PU eh ie —2.8 +2.4 —_ 8 — 25 
BO Aen tas sen reses —3.1 Rent + 9 — 16 
Geyser alee auslleae —o.6 +2.4 ae DE =) 525 
Arendal aos me —o.6 Seer + 328 + 3 
Bai Gicpenanekcriedcie —0.3 see Se = 8 
SOetiealecr van inens —0.2 SP As§ tO = 354 
1 alee ol ren meee 0.0 ingee — 9 _ 5 
SS negara 0.0 ase + 18 — 17 
ROU seurae nae One Gia ne Te 2a — 33 
OO tee eae: apilos +0.6 + a1 + to 
Osa Sew bieteleag wissen eae) 0.5 apod anne + 34 
COAT LAT EN len ae Se SE) —o.8 + 35 ees 
[GR or AV Rela Rsscin, Ses +1.8 —0.9 + 6 am 
OAR RR Ae 8 arate Soha —2.4 aa ie + 39 
Ob iit vie sakeren tere +0.8 242 = EO, a 9 
OG aS yeas eer On — Eo = 135 - 2 
OTe bern aunts 0.0 SDP — 34 + ) 
OS Ua ae anaes 32140 tio =) ey =e TD 
OG He acre +0.6 One + 30 — 17 
Uichheneeiskeicienoks +1.8 TO + 8 + 12 
TMK UREN hate sta +2.1 +2.0 aie el + I5 
Up aa te tee urehaeeiace 2.1 aaa) ar. 20) Fee | cas! 
A Cotte MND te ete +2.4 +1.8 Se tf + 4 
TAP er eee ied. +0.8 + 44 + a1 
Pita Pee oa naa +2.4 —o0.6 + 32 a 27 
TONE abet re ae SIO) —o.6 =i ee Onn ee 
REN niece tee SP Ose —I.I + 4 a eas 
Voie S RIN a oes —2.4 <= 27 + 9 
FO We serene oats +2.4 —2.7 — tr aR OS 
Sone heen e +1/6 —3/8 0”000 +0020 


in which a, b,.... f’ are the plate-constants, « and y the co- 
ordinates of the objects measured, and uw, and p, the annual 
proper motions, expressed in thousandths of a second of arc. 
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The plate-constants were derived by a least-squares solution 
from the twenty pairs of equations of the form (1) for the 20 
comparison stars. For these objects the usual supposition was 
made that uw, and yu; are in the mean zero and are not functions 
of x and y. The constants a, b,.... ff” thus found were sub- 
stituted in the equations of condition (1) of all the objects measured. 
The resulting annual proper motions are given in the fourth and 
fifth columns of Table I. The second and third columns of this 
table contain the co-ordinates in « and y, expressed in minutes of 
arc with a precision sufficient for identification. 

The motions thus derived for the nebular points include the 
motion of the nebula as a whole with respect to the 20 comparison 
stars as well as the internal motions of the individual points. To 
derive the motion of the nebula as a whole, the same process was 
followed as for M rot. 

a) The mean for all of the 79 points gives: 


Ha=+07%006 ps=+07%004. 


6) Dividing the points into four groups, corresponding to the 
four quadrants, the means of the two groups in opposite quadrants 
should give a good agreement. We find: 


Ma= +0004 
bs = +07 001 
a= +070065 


Means for I and ut 


Means for II and iv 


vs= 0%000 
The four quadrants combined give: 
Ma=+07%005 pbs=+07%000°. 


c) In order to avoid points far from the center, which have 
an asymmetrical distribution, we may use only those within a 
radius of 3’. We then find: 


ba=+0”0045 


T and III 
Means for I an a Dares 


a= +070085 © 
Means for II and IV: 
fs = —O7001 
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The four quadrants combined give: 
Ha=+0”%0065 ps=07000. 


Giving equal weight to each of the three methods used, we derive 
as the final motion of the nebula as a whole 


Ha=+0%006 = ys=+0%001. 


If now we subtract these quantities from the values of u, and ps, 
for the nebular ‘points, we obtain results which represent the 
internal motions. These are given in the second and third columns 
of Table II and are plotted in Plate VII. The plate also shows the 
motions of the 23 stars as given in Table I. The 20 comparison 
stars are surrounded by a circle, while for the stars f, 7, and 1, 
which, for the reasons mentioned on page 222, were excluded for 
comparison purposes, the motions are represented by broken lines. 
The scale of the motions is indicated in the lower left-hand corner. 
The arrows represent the motions in about 1100 years. 

The plate indicates motions analogous to those found for M tor 
and M 33. They may be interpreted either as a rotation combined 
with a radial motion outward, or as a motion along the streamers 
outward. Both possibilities are briefly discussed. 

a) Rotational motion.—In order to discuss the results from the 
standpoint of rotation, the internal motions of the 79 points 
(excluding No. 27) were analyzed into components perpendicular 
to and along the radius. The values are given in the fourth and 
fifth columns of Table II, the positive sign being used for rotation 
in the direction ENWS and for outward radial motion. For the 
rotational component we find 74 positive and 5 negative values; 
for the radial component 59 positive and 19 negative values, 
while one is zero. The mean rotational component is +o%o1g; the 
mean radial component, +0%008. As the mean distance from the 
center is 2/3, the rotational motion of o”o19 annually would indicate 
a rotation period of about 45,000 years. The radial component 
is so large, however, that we can hardly believe the motion to be 
one of rotation only. Similar results have been found in all three 
cases discussed so far. For M ror the radial component is 32 per 
cent of the rotational component; for M 33, 48 per cent; for M 51, 
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PLATE VII 


N ge 
| 
INTERNAL Morions In MESSIER 51 
The arrows indicate the direction and magnitude of the mean annual motions. Their 
scale (071) is indicated on the illustration. The scale of the nebula is tr mm=672. The 
comparison stars are inclosed in circles. 
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i 
ABLE II 
ANNUAL INTERNAL Motions 


Z 
2 
7 
r 
o 


Rotational Radial Stream Transverse 


ae: 
eee ears +o%022 | +0009 | +0%007 | +0%022 | +o"or1r | +0%o019 
DENS vile 8 sss — 27 a7 5 = ance — 24 + I ao 
Ba cease cts — 19 a 5 + 18 _ 7 + 16 - 9 
MEET Sic — 18 + 13 + a1 + 2 + at + 2 
os oeacaierss = 2 + 8 + 3 + 8 + 4 + 7 
(hh Cae ae a a 2 _ 3 + 2 - 2 + & 
FeSO eee — 31 + 8 + 30 + 12 + 23t a= 7 
Ree ae _ rf — 2 -- 6 + 4 a. 7 + 2 
CVn rer eee _ 9 — 20 i Ly: + 14 + 20 =- 8 
LOA R eens eae — 22 — 23 + 3 SE ap eel a 4s) 
ace + 30] — ro] + 34] — ZL ce BN 9 
1 at - 14 — 2 = I + 28 + 5 + 28 
cy 6 eae + Io _ IO + 12: + 8 + 14 + 4 
EA eto sc ee + 17 — 8 + 109 + 3 ap ef] Se I 
1 eee = ee —- 29 See | ey + 20 ae oe Se ite’ 
CO Ss enc 82 + 2 —- 10 + 2 + 0 ae 5 = 9 
Of cies ce = 5 — 9 + 10] + I a nLO - 2 
TO! 2 3 eee a 16 oe 16 a 20 + II a 21 + 8 
=) eae eee + 22 + 18 + 20 + 21 + 20 + 21 
lo Sa eee + 18 —-- «5 + y + 22 + 21 9 
21 See ae Sy + 28 + 13 + 44 ap eke + 19 
LT ins Se _ re a 16 4. 20 + 4 + 20 — I 
Ot ed —~ 7 + 27 + 30 + 10 + 31 + ii 
Bo oie) ae —) «32 + 6} + 30 it qe ee — 19 
I RE RD = dl) 42 pally se ell se Sa Ba) ae as 
AD a 5 Oe ee — 31 + 23 + 38 + 6 + 38 ° 
Dy tig + 2 GAGS. capone wit oy ol ec teu se a eames terete se eee l| edanepe a nopeaaners 
DO RES fas —- 13 = a2 + 14 + 20 =p (BS aia g 
ORES es + 19 -- 4 + 16 + 10 + 16 + «1 
Ow era siete < + 8 + Gf Io — 2 + ie ° 
PEE cc aa 6 + 23 + 20 -- I4 + at -_— II 
Ci —- 16 -- 2 — 12 — 4. - 8 ees 
SiS ate eer + 5 + 22 + 27 _ 3 + 26 + 5 
Petes caicke = + I + 22 + 22 _ 2 + 22 — 4 
BG ora ese gi ene + 12 + 29 + 29 + 0 ap Be ae 5 
ol Oe ie eee + 13 + 17 + «1 + 18 ae ite + 12 
fine a sue kos _ I4 + 21 + 26 + i > 25 — 7 
ROMS seiastes/ - 7evy aes ek Se CR hi am eal Se 6 
eS Cena — 15 + 20 + 20 + 14 + 24 _ ai 
AO sate 0 es - 1 -++ 17 + 18 + to + 20 - 4 
RIPON cee 226 — 31 + 25 + 38{ + 14) + 35 — 20 
Chae See a 14 -- 4 -- Io a II _ 9 + 12 
lg Vides BrP — 416 — 22 + 27 = 5 ae == ite) 
ABs tia sofsthioy ss — It —- «14 + «417 _ 2 ae ky = 2 
NS Mictisiwle he ssts > — I — 2} - 25 = sey |) Se 2R =" “16 
AG mde reicsi + t0 _ i = 6 — 10 + 3 — 42 
BT ioe wiv. oi8 + met ee) SAU i SAT ie © Sl ais erode eames 
AS mrycreicte te eis: + 3 — 18 + 19 + I ae ty _ 8 
AQP lee ior + 4 _ 25 + 25 — I + 24 — 7 
ISOM er oierboiers « ° — 30 + 29 + 8 + 30 = I 
Tiare eee Wiest (20 en cn El gr A Ue it vee 
Omee ss. +0%003 | —o%o017 | +0%016 | +0%007 | +0%017 | —0%003 


tS 
XS 
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TABLE IIl—Continued 


Me Ma 5 Rotational Radial Stream | Transverse 
Balearics Vass +o"o17 | —o%026 | +0%024 | +0%020 | +0%026 | +o%or8 
SA aie nnn + 32 + 2 + 30 — 10 —--. 28 =a 3 
Met a eeaier + 28] — coved inl i etoy Lee Gil im aie ° 
EG uaa oines pes Su BAM ele LES IMo ripe Sol wycde 4 A2N ele tae aera gy 3 
tae a cella — «gl — 6/ — wm] + a1 abo oR Srareeee 
Loeeeea door See eee tn eC a Ct ee 
COREE Cae + 16) =) gate +t ge} - 28) Spe aa a ee 
OO racer + s5| + Chilly Ginn Ake) || ae pelhic! Naor 2 I 
(ied a Re Retort + CON Wace eee Wiccr ee ectoll pices | paw kta Rept) 8 
Gord ed ot + a5} + 22) + 9| +. 31 + 31 ae 9 
OB mayne Se ° + 14 4. 12 + 6 + I4 — I 
Ofer _ a) - § 28/|) 4+ 23) (26 (=e 325] eto 
Os er eemane — 25} + Stet 26 oy Sy Mas Ih Se 2 
OO mater siaises aa oT _ 3 + 36 — 7 + 37 ° 
OF Rasa creas — 4of + 8| + go} + ieee ee ae ote 
OStn ea Ver ==) 300). = 3) E2720 | = | 208] tee 
OOme tthe oe 24 — tS) se rol) =e ease 23 are) 
FORO ArrSHE OR a. 2 + 1 + 9 — 5 + 10 = 3 
TRS oem = 8 + 14 + 16 — 4 + 16 + I 
SPIO ORES + 23 + 14 + 26 ~ 7 + 24 + 13 
TP RISE Cee + If + 3 + 10 + Gi a 4 + 10 
TARAS fjah tre Sey Se) 38. ee azole 24 Ae 2Onl eet eros ae OM! 
Gee tele Ape + 26 + 26 + 18 ae Be + Oy | + 24 
7 Oevdas, ele an + 4 ae Be —+— 30 ape ty ail + 32 + 6 
Gh heuee ioe ene _— 2 + 12 + 12 —+- a =k = 6 
oma eata aon — 33] + 8| + 2) — «16{ + «| —~ 28 
WO dietelacvnarn Se ay) Sin + 29 lia a ae we aS 8 
Son ase ae —o"006 +o%o19 +o0%o13 +o%ors +0%020 +o"002 


42 per cent. It is on the basis of this cumulative evidence against 
a purely rotatory motion that we feel more inclined to believe that 
the motions are in general along the arms. 

b) Motion along the arms of the spirals.—Considering the motion 
as following the arms of the spiral, we find the mean motion to 
be +0021, with an additional perpendicular component outward 
of +0%003. In the case of M 101, we found a small additional 
motion inward. In M 33 there is a slight indication of motion 
outward. But in all cases the mean deviations from the direction 
of the arms are very small. Definite conclusions as to the real 
meaning of these motions must, however, await further measure- 
ments. The best evidence may be expected from several hundred 
points to be measured in M 33, as soon as another plate can be 
secured. 
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Among the stars selected originally for comparison purposes, 
f and r require comment. Although their photographic magni- 
tudes cannot be brighter than 16, they show annual proper motions 
of of145 and 01163, respectively. 

I wish to express my thanks to Mrs. Marsh of the computing 
division, who has performed all the duplicate computations neces- 
sary for the derivation of the present results. 


Mount WILson OBSERVATORY 
June 1921 
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INVESTIGATIONS ON PROPER MOTION 


FIFTH PAPER: THE INTERNAL MOTION IN THE SPIRAL NEBULA 
MESSIER 81 


By ADRIAAN VAN MAANEN 


ABSTRACT 


Spiral nebula Messier 8t—Two plates taken at Mount Wilson, one by Ritchey 
in rgro and the other by Duncan in 1921, were measured with the new stereocompara- 
tor, and from the shifts of 104 points in the nebula with reference to 14 comparison 
stars, the proper motion of the nebula as a whole was found to be: wa=-+o"o14 and 
ué=—otoos. Inaddition, when the displacements of the points with reference to the 
nebula as a whole were corrected for the fact that the inclination of the plane of the 
nebula to the celestial sphere is about 49°, the internal motion was found to be, 
in general, a spiral motion out along the arms, of 0%039 per year NWSE, combined 
with a slight outward transverse motion of about 0’007 per year. The rotational 
component of the motion is 07038 and corresponds to a period of rotation of 58,000 
years. 

Formation of spiral nebulae —The four nebulae whose internal motions have been 
studied, M 33, 51, 81, and ror, all have internal spiral motions such as Jeans described 
in his Problems of Cosmogony and Stellar Dynamics. This fact suggests that the 
nebulous masses were rotating and had reached a lenticular shape when the arms 
began to be formed by matter being thrown off at antipodal points. 


In a previous paper’ it was mentioned that measures of 
two photographs of M 81 taken by Mr. Ritchey in 1910 and 
1916 gave preliminary evidence of internal motion, similar to that 
revealed in the case of M1or. Another plate of M 81 was obtained 
in 1921 by Mr. Duncan which made it advisable to examine the 
additional evidence made available by the longer interval. The 
photographs used for the present paper are of 1910, February 5, 
and 1921, April 7; both received exposures of 4 hours and 15 
minutes and are of good quality. Since no plates taken with a color 
screen were available, the choice of nebular points and comparison 
stars was necessarily based on the appearance of their images. 
Six of the 58 points included in the former discussion on account 
of their coincidence with the streamers of the nebula were excluded 
from the present discussion in advance of measurement because 
of their starlike appearance; they were, however, again included 
in the measures. Their numbers are 4, 28, 40, 42, 51, and 54. 


t Mt. Wilson Contr., No. 118, 17, 1916; Astrophysical Journal, 44, 210, 1916. 
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Although the brighter stars were avoided, the comparison 
stars, as a whole, are somewhat brighter than the nebular points. 
For this reason a magnitude error may have vitiated the relative 
motions of the latter. While this may have affected the total 
motion of the nebula, it cannot have influenced the internal motion, 
since the magnitudes of the nebular points have a nearly sym- 
metrical distribution around the center of the nebula. For the 
present investigation 14 comparison stars (the same as before) and 
110 nebular points were selected for measurement. 

As in the case of M 51,7 the plates were measured with the new 
stereocomparator, with the directions east, west, north, and south 
coinciding successively with that of increasing reading of the mi- 
crometer screw. 

The means of the two sets of measures in right ascension and in 
declination, which are expressed in parts of the micrometer screw 
for the interval of 11.17 years, were reduced to annual displace- 
ments in thousandths of a second of arc by multiplying them by 
the factor 0.0764. The resulting quantities m, and ms; were then 
reduced by the formulae: 


Ma=a-+bu+cyt+dx?+caytfy*+pa } (x) 
ms=a' +b'x-+-c'y+-d'x2-+-c'ay+f"y?+ us 
in which a, b,....a',~W,..../f are the plate constants, 


x and y the co-ordinates of each point measured, and yp, and ps 
the annual proper motions, expressed in thousandths of a second 
of arc. For the derivation of the constants a... . f’, the two 
sets of equations (1) for the comparison stars were solved by 
least squares, after making the usual supposition that the motions 
of the comparison stars are in the mean zero and are not functions 
of their position on the plates. Substitution of the constants 
thus determined into the equations (1) for aH the objects measured 
yields the annual proper motions. These are given in the fourth 
and fifth columns of Table I; the second and third columns of 
this table give the co-ordinates of each object measured. The 
proper motions thus derived are relative to the group of comparison 
stars. To separate the motion of the nebula as a whole from the 


t Astrophysical Journal, 54, 237, 1921; Mt. Wilson Conir., No. 213, 1921. 
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TABLE I 
Co-ORDINATES AND MEASURED ANNUAL DISPLACEMENTS 
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TABLE I—Continued 


_—————— IEEE 
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The arrows indicate the direction and magnitude of the mean annual motions. 
Their scale (071) is indicated on the illustration. The scale of the nebula is 


Timm= ons) 


The comparison stars are inclosed in circles. 
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TABLE I—Continued 
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internal motion, the same process was used as previously in the 
case of M ror and M 51, with the following results: 

a) The mean motion of the 104 nebular points (excluding 
Nos. 4, 28, 40, 42, 51, and 54 for reasons given on page 231) is 
Be = +0%014, ws = —0%002. 

b) Combining the mean motions in quadrants I and III, we 
have pw.=+070175, ws= —0%005; while for quadrants II and IV, 
H.=+o0”0125, ys=—o%008. All four quadrants combined give 
Ma= +07015, Ms = — 070065. 

c) Excluding points outside a circle with radius 5/5, we find 
for quadrants I and III p,=+0%017, us= —0%006; for quadrants 
II and IV p,=+0%0115, ws=—07%006. For all four quadrants 
Ba = +07014, bs = —0”%000. 

For the motion of the nebula as a whole the mean result from 
the three methods is 


Ha=+0/014, ps= —0%005. 


Subtracting these values from the annual motions given in Table I, 
we derive the internal motions, which are given in the second and 
third columns of Table II. These motions are plotted in Plate VIII. 
For the comparison stars, which are surrounded by circles, the 


235 


6 ADRIAAN VAN MAANEN 


TABLE II 


ANNUAL INTERNAL Motions 
ee —————————— 
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TOS a aatie meyers ee oli in MN fol ta em I a ey | S| Ae! 
TOO eee ale) ea anc tat: + APA Nts oars Ol eat 6) + 34) I4 
TOT eee Meads sR ate 52 |ilral) aon et 90 tet gg tee) | 562 tt O 
OS Me rere ere eae ate ap Aes bas Goll ee) | (ea | a Sol Oe a 6 
DOOR areas ener + 41] —-— Fe Wee ao Recs nui Oy fall meg NS 8 
TOM Grice steilerst hens yy fal ee Sal yy fhll eee Yovel esos Tay 8 [I ive! 


motions of Table I are used. The scale of the motions is indicated 
in the lower right-hand corner. The arrows represent the motions 
during an interval of about 1,300 years. 

As in the case of M rot, 33, and 51, there is a question as to 
whether the displacements are best represented by a rotation or 
by a motion along the arms of the spiral. To investigate this, the 
motions were resolved into (a) rotational and radial components; 
(b) components along and perpendicular to the arms of the spirals 
(stream and transverse components). In order to do this, a 
diagram was made in which the foreshortening of the nebula was 
corrected. This was necessary because M 8:1 is decidedly elliptical 
in appearance, due undoubtedly to an inclination of the plane of the 
nebula to the tangential plane of the celestial sphere. It was 
estimated that the intersection of the two planes is in position 
angle 149° and that the inclination is 49°. Hence, the positions 
and components of the measured objects in the direction of position 
angles 149° and 329° were made the same in the diagram as on the 
photographs, while distances and components at right angles to 
this direction were increased in the ratio 1/cos 49°=1.5. The 
results for individual points derived from the diagram are in the 
last four columns of Table II, where, as before, the positive sign 
is used for motions in the directions north, west, south, east, and 
outward. 

The mean rotational component is +0%038; the mean radial 
component, +0”’013, which is 34 per cent of the rotational vector. 
Since -the mean distance of the nebular points from the center is 
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5/8, the rotational component would correspond to a hypothetical 
period of about 60,000 years. The mean stream component is 
+0%039, with a transverse component of +07007. 

The evidence on interngl motions derived from the four nebulae 
which have been measured, viz., M roz, 33, 51, and 81, is sum- 
marized briefly in Table III, in which the second column gives 
the focal length used, the third column the interval in years. The 
next four columns give the mean rotational, radial, stream, and 
transverse components of the annual motions derived, while the last 
column gives the number of nebular points measured. | 


TABLE III 
SUMMARY OF INTERNAL MOTIONS IN SPIRAL NEBULAE 


(Unit for motions and their probable errors is 07001) 


Object poses Sale Rotational Radial Stream Transverse n 
1S fort eee re 2 5 soatr | + 5+1 | +211 OI 87 
VES TOM to eae So 18 ) +202 | + 62 || +222 | — 3&2 69 
MCT fore Seton sioke o 18 15 +122 | + 7=2 |] +142 | + 2=2| 46 
UNS 3 Pose See a 25 TO | +-2c=3 || - 62 | --24=3 | — 22 | 30 
1 ee a eR ee 80 5 +144 | +1243 | +184 | + 443 21 
1) re eee 25 ra +191 | + 81 |--+21=1 | + 3=1] 79 
MVD ST te cusclehs ge: stdhe ole 25 6 +20+4 | +1743 | +25+3 | +1643] 52 
VES Sige ie Schoey, e a 25 II +381 | +131 | +39%1 | + 71 | 104 


* Including the measures by Mr. Nicholson, Mt. Wilson Contr., No. 118, 18, 1916. 
j Photographs taken with the Crossley reflector of the Lick Observatory. All others were taken 


with the 60-inch reflector at Mount Wilson. 

All pairs of plates show the same type of motion, and when we 
keep in mind the different numbers of points measured, the agree- 
ment in the values of the motion for each nebula derived from 
different pairs of plates is as satisfactory as could be expected. 

The rotational components would correspond to the following 
periods: for Mor, 85,000 years; for M 33, 160,000 years; for 
M 51, 45,000 years; for M 81, 58,000 years. 

For Moz there is no appreciable change in the measured 
rotational component with distance from the center, but for 
M 33, 51, and 81 there appears to be some increase of motion 
with distance. 
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All four nebulae show a large outward radial component, 
which for M ror is 32 per cent of the rotational component; for 
M 33, 48 per cent; for M 51, 42 per cent; for M 81, 34 per cent. 

The transverse components are in general very small and well 
within the limits of error, although the positive value for M 81 
may be real. In all cases, however, the measured displace- 
ments agree better with the hypothesis of outward motion along 
the arms of the spiral than they do with an assumed rotation of 
the nebulae as a whole. 

The close agreement of the displacements in direction with 
the spiral arms suggests that we have here a realization of the 
motions described by Jeans in Problems of Cosmogony and Stel- 
lar Dynamics, from which I quote freely. 

If so, we must then suppose that before the formation of the 
spiral arms the nebular masses were rotating and had reached a 
lenticular shape. The formation of Laplace’s ring requires perfect 
symmetry of mass about the axis of rotation. The distances of 
adjacent masses in space are in general so great that their gravita- 
tional influence will be extremely small, but even the slightest 
external gravitational field will be sufficient to preclude the forma- 
tion of a ring; instead of this, the matter will be thrown off at two 
antipodal points. The masses first thrown off at the antipodal 
points form in themselves a tide-generating system which con- 
centrates the region of ejection more and more at two points. 
The result is an extension farther and farther into the equatorial 
plane as the evolution of the nebula proceeds. The determination 
of the shape of the arms seems at present to be beyond the reach 
of mathematical analysis, but the long streams of gaseous matter 
must become longitudinally unstable and will tend to break up 
into condensations or nuclei. 


Mount WILSON OBSERVATORY x 
July 1921 
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ON THE ACCURACY WITH WHICH MEAN PARALLAXES 
CAN BE DETERMINED FROM PARALLACTIC AND 
PECULIAR MOTIONS 


By HENRY NORRIS RUSSELL! 
ABSTRACT 


Accuracy of mean parallaxes determined from parallactic and peculiar motions.— 
Assuming that the stars in the group are all at practically the same distance and that 
the velocities are distributed according to Maxwell’s law, it is shown theoretically 
that the probable errors in the mean parallaxes determined by the two methods are, 
respectively, +1.035 +V/Voi/n and +0.721 x/{/n. The ratio is 1.44 V/Vo and 
depends only upon the average value of the peculiar velocities, V, since Vo is the velocity 
of the sun. It follows that for Cepheids, stars of types A and B, and others with 
peculiar velocities less than 14 km, the parallactic motions give the better result, while 
for stars moving faster the peculiar motions should be used. The formulae also show 
that results of value may be obtained from rather small groups. 

Statistical study of 180 stars of types Bo to B5.—The mean peculiar velocities, 
radial and tangential, are 6.5 km and 0%0076; the mean parallax computed from 
parallactic motions is 0%0083 (#1), and from peculiar motions 070058 (a2). From mx 
and the mean visual magnitude, 4.08, the mean absolute magnitude comes out —1.38. 
The probable errors for the determinations of parallax agree closely with those to be 
expected from the foregoing theory. The lower value of +; compared with 7z; is 
partly due to the inclusion of unknown binaries for which the observed peculiar 
motions are too large, but this does not fully explain the discrepancy. 


If the proper motions and radial velocities are known for a 
group of stars the mean parallax may be found in two ways. 
Resolving the proper motions into two components, v toward 
the solar apex, and 7 at right angles to this, and clearing the radial 
velocities of the solar motion so as to get the peculiar velocities 
V, we have the familiar equations 

= v sin A ao te 

Ni ee Mg 

V. sin?» V 

where as usual the horizontal bars denote mean values, and where 

the means for 7 and V are taken regardless of sign while V, is the 

velocity of the sun’s motion in space, and, like V, is expressed in 
astronomical units per year. 

To examine the accuracy of the two methods we may suppose 
that we are dealing with a group of stars which are all at sub- 
stantially the same distance (so that we have to consider only 
the statistical errors resulting from the fact that the “law of 


(x) 


« Research Associate of the Mount Wilson Observatory. 
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averages” does not apply exactly to small groups) and that the 
velocities of the stars are distributed according to Maxwell’s law, 
so that the components in the directions of v, 7, and V obey the 
Gaussian law of errors, the probable errors defining the distribu- 
tion being 0.845 V for the velocities and 0.845 V 7 for the proper 
motions. Let be the number of stars. The ordinary formula 
gives for the probable error of 7 as derived from the first equation 


ey rae 845 7 V 
Von sin? 
If the stars are distributed uniformly over the celestial sphere 


the value of sin? ) is 2; if they are close to the Galaxy, it will be 
approximately 3, Taking the former value, we have 


1203507 
y= + an Y, Tr (2) 

For the second equation, the statistical error arises from the 
fact that the individual average values of 7 or V, for groups of 1 
stars, will not be identical with the averages for an indefinitely 
large number of cases. 

The formula in this case is long established, but hardly familiar, 
and the proof is so simple that it is worth giving. Let, v,.... 
% be any set of 2 quantities (all positive), selected at random from 
a great number, distributed according to the law of errors, whose 
arithmetical mean is 7 and whose mean square value is e. It is 
well known that 


= 


Lae 
ute 

The square of the deviation between the mean of these particular 
quantities and the mean for an infinite number is 


I 
PAC Ceinetve +v,-—-nn)?. 


In the individual case this may have any value; but suppose we 
take the means for a great number of trials. The result may be 
obtained by expanding, substituting ¢? for each squared term in the 
result, such as v?; » for v in each term of the first degree, and 7? 
for each product such as 2,2, (since in these terms large and small 
values of v occur indiscriminately and the large ones do not multiply 
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themselves as in the case of v?). We thus find for the mean of 
the squares of the deviations: 


I T—2 
= 2 <me hes 22 22 : a = a 
até + n(n 1) 1 2n'n?-+ n?n ="(¢ y)= aa 


Although the distribution of these deviations for individual stars 
does not at all follow the Gaussian law, that of the means of a group 
of six or more will probably do so very closely.t We may, there- 
fore, use the ordinary formulae for computing the probable error 
of deviation of an individual mean of x Bee gc from the standard 


value 7. 
oe a 
£= 20.075 a (3) 


The statistical probable error of 7 will therefore be + rate T 
x n 
while that of V will be ere V. Since the errors are independent 
of one another and proportional to the whole quantities concerned, 
the probable error of their quotient, 7, will be 


== 2 
oy Vn (4) 
Comparing this W ith (2) » we ha ve 


= 1.44 i. (5) 

The relative precision of the two methods depends only upon 
the average magnitude of the peculiar velocities (assuming, to be 
sure, that the sun’s motion relative to the stars under considera- 
tion is accurately known). If the average peculiar velocity of the 
stars is less than 14 km, the parallactic motion gives the better 
result; otherwise the peculiar motions do so. 

The actual law of distribution of velocities is not Gaussian, 
large velocities being in excess. This will operate to increase some- 
what the numerical coefficients in (1) and (2) but should not 
greatly affect their ratio. 

Similarly, in any actual group of stars, there will be real differ- 
ences in parallax between the members, which will also introduce 
a statistical error into the determination of the typical mean from 
small samples, even though the individual parallaxes are exactly 

« Compare Schlesinger, Astron. Journal, 30, 185, 1917. 
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known; but this again operates to increase the probable errors given 
by both methods without much effect on their relative accuracy. 

It follows that the parallactic motion affords the best means of 
determining the mean parallaxes of stars of spectra A and B, 
of Cepheids, and of other slow-moving stars. For the general run 
of naked-eye stars of the ‘“‘later’’ types the two methods are about 
equally good, while for planetary nebulae, long-period variables, 
and other rapidly moving objects, the peculiar velocities afford 
the best solution. Results of value should be obtainable from 
rather small groups; thus the peculiar motions of ten stars give 
the mean parallax with a probable error of 23 per cent of its own 
value (so far as the statistical errors go); and the parallactic motions 
for slow-moving stars should give a considerably better value. It 
should further be noticed that the accidental errors of observation 
of both radial velocities and proper motions will increase the arith- 
metical mean values V and 7, while their influence upon the algebraic 
mean used in finding z will be much diminished. This is not, how- 
ever, a serious matter, for, if the magnitude of the errors of observa- 
tion is known, their effect may be removed from both V and 7 by 
well-known methods, and, in any case, both are increased, and the 
errors tend to compensate one another in their quotient 7,. 

As an example of these principles, the 180 stars of spectra Bo 
to B5 for which the quantities V and 7 are given by Campbell! were 
divided into equal groups of ten stars each. To secure a random 
distribution, the first, nineteenth, and thirty-seventh stars, etc., were 
combined to form one group; the second, twentieth, and thirty- 
eighth were in the next, and so on. The results are given in 
Table I. 

Each line of this table (except the last three) gives mean values 
for one of the eighteen groups of ten stars. The first column gives 
the mean of the visual magnitudes; the second, that of the spectral 
classes; the third, that of the peculiar radial velocities (corrected 
for the solar motion and K-term according to Campbell’s solution 
TIT); and the fourth, that of the 7 components. In the fifth 
column are the mean parallaxes 7, computed from the peculiar 
motions by equation (1); in the sixth, the values z, found from 


t Lick Observatory Bulletin, 6, 101-124, 1911. 
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the parallactic motions; and in the last column, the absolute 
magnitudes corresponding to the parallaxes in the preceding 
column and the apparent magnitudes in the first. 

The last three lines of the table give, respectively, the means 
of the quantities in the columns above, the probable error of one 
of those quantities computed in the usual way from the deviations 
from the mean, and the ratio of the probable error to the general 
mean in the cases where this is significant. 


TABLE I 
MV = = * a ; 
Maganic secon |e ™, ze Mage 
BeLO Ee eos, B3.5 5.0 o%0096 | o%009g1 | 0”%0087 | —1.1 
7 AS tree 3.4 6.12 43 ag 66 — Tas 
Ars 2A ea ioc or Tin dh 49 BO 69 — D0 
ano teiieracwtaie 2.8 10.4 68 31 94 bo! 
Be OO arewoisats « 2.2 6.8 T22 Q2 93 i192 
Bin Betaehenss 22) 6.4 55 41 go —=—255 
Be tenca ges 2.4 4.6 84 87 I03 —=.1 
Filly Grane BO 9.0 73 38 71 — TO) 
Be FO ostre.o cs 2.4 6.9 Be 36 ye —1,9 
AN OO nnise ore 352 4.6 r2 74 51 — 2-4 
OO mtorr: aay 6.4 68 50 65 Sats 
pa eR, ate nO) I-yeCo) 77 74 IOI —o.8 
BC On iri 3.0 TaD 105 71 93 —1I.t 
/ ie he ee TE 3.9 73 94 61 96 Ono 
ET oe asi ot ZO) Ont 56 43 62 =O) 
nA Waa tists cs 24 5.8 79 65 88 =—0.9 
Ear Rae «Asc ley 20 5-9 07 78 100 —T.3 
ASO as oh 2s Bae 6.6 64 46 go —1.2 
Means. 5.2 ..-64.08| B30 GAG 00076 | 0%0058 | 070083 —1.38 
P.E.oneentry+o0.22} +o0.41 =1.0 |#0.00155|/=0.00144|+0.00105| +0.32 
ARICIO Mt es tall hey py ae =0.15 |+0.20 +£0.25 sO Taig ll tenes 


The “probable errors” for the mean magnitude and spectral 
type indicate only the degree of statistical similarity between the 
various groups, which is fairly high; but those for the next four 
quantities afford a practical test of the applicability of the theory 
developed above. From equation (3) the ratio of the probable 
error of one of the tabular values of V or 7 to the average value of 
these quantities should be +0.16. This is substantially the case 
for V. The greater variability found for + may reasonably be 
attributed to real differences in the mean parallaxes of the various 
groups (which were assumed to be the same in deriving the for- 
mulae). Equation (4) gives +0.23 as the value to be expected for 
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,, and equation (2), 0.11 as the expectation for 7; The agree- 
ment in both cases is remarkably close. 

There is, however, a remarkable difference between the means 
of 7; and m,, the latter being only 70 per cent of the former. Only 
three of the twenty values of m, are greater than the mean for 71, 
and only one value of 7, is smaller than the mean for m,. The 
discordance must therefore arise from some real cause, and there 
can hardly be a doubt regarding its origin. Campbell calls atten- 
tion? to the fact that the observed values of V must be systematic- 
ally too great on account of the inclusion in the lists of some 
undetected spectroscopic binaries for which the greater part of 
the observed velocity is due to orbital and not to systematic motion,” 
and of the probable variability of the K-term from one star to 
another; and Kapteyn’ has pointed out that the accidental error 
of observation, which he finds to correspond to a probable error 
of +2.1 km for the well-observed stars, must also operate to 
increase them. 

Campbell adopts the value 6 km instead of 6.5 for V, which would 
raise 1, to 070063. 

To obtain full accordance with 7;, it would be necessary to 
reduce V to 4.5 km, which seems too large an allowance for these 
corrections, especially when it is considered that Boss,4 from more 
than twice as many stars of the same spectral class, finds that the 
7 components correspond to a peculiar velocity of 6.3 km. 

It is obvious, however, that the parallactic motions give much 
the better result in the case of the B-stars, irrespective of this uncer- 
tainty; and Kapteyn has based his classical work almost entirely 
upon them. 

For rapidly moving stars, however, the peculiar motions are rela- 
tively much less influenced by such minor sources of error as have 
just been described, and by their use reliable values for the mean 
parallax can be obtained from groups of stars of moderate number. 

Mount Witson OBSERVATORY 

July 2, r921 

DOD: cit. ps 120. 


2There are 53 of Campbell’s 180 stars for which his notes indicate that the 
radial velocities are of inferior accuracy. The mean V for these is 7.5 km; for the 
remainder, 6.1km. Hence the effect of this correction is small. 


3 Astrophysical Journal, 40, 71, 1914. 4 Astronomical Journal, 26, 198, I91T, 
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ON MAJORANA’S THEORY OF GRAVITATION 
By HENRY NORRIS RUSSELL' 
ABSTRACT 


Majorana’s theory of gravitation—As a result of carefully executed experiments, 
Majorana has suggested that gravitational force is weakened by passing through 
matter. In this paper certain astronomical consequences of this assumption are 
presented. The true masses of the planets according to this theory are computed 
and it is shown (1) that the inertial masses cannot be equal to these true masses, 
and (2) that if we assume them equal to the apparent gravitational masses we are led 
to such discrepancies in the case of the tides that we are forced to conclude that the 
absorption of gravitational force cannot exceed 1/5000 of the value assigned by 
Majorana. 

Possible influence of one bedy on the mass of another body.—The interpretation of 
Majorana’s positive experimental result, assuming it to be real, must be that the 
mass of a body is actually changed by the presence of another body. 


Professor Majorana, in a very interesting series of papers,” 
has proposed a new theory of gravitation, with experimental evi- 
dence supporting it. The present communication deals with 
certain astronomical consequences of the theory, in the form in 
which he presents it, and suggests a modification which will remove 
the resulting discrepancies. 

1. The law which Majorana proposes’ is that the force of 
attraction between any two material particles is directed along 
the line joining them, but that its intensity is less than that given 
by Newton’s law whenever this line traverses matter, being dimin- 
ished in accordance with the ‘‘law of progressive absorption” 
which holds good for radiation. 

If M, and M, are the masses of the particles, r their distance 
apart, and & the ordinary constant of gravitation, the attractive 


force will be 


pout 


t Research Associate of the Mount Wilson Observatory. 

2 Philosophical Magazine, 39, 488, 1920. Atti della Reale Accademia det Lincei, 
28, 160, 221, 313, 416, and 480, 1919, and 29, 23, 90, 163, and 235, 1920. Further 
citations refer to the detailed account in Italian. 


3 OP. cit., p. 170. 
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where /: is a second universal constant, that of absorption of gravi- 
tation, and @ the density of matter at any point on the line joining 
the particles, and the integral is taken over the whole length of this 
line. 

In consequence of this absorption the attraction of any large 
body upon objects outside it will be diminished, and its “apparent 
mass,’ measured by means of its attraction, will be less than the 
true mass. For spherical bodies of uniform density Majorana 
shows' that the attraction will still be exactly proportional to the 
inverse square of the distance, while the apparent mass m will be 
connected with the true mass M by the equations 


~  m=yM, (2) 
Ma lben a) | a 
p=hRO, (4) 


where R is the radius of the mass, and 6 the true density. 


For small values of p we find, expanding in series, 


y=1—2p+2p—ipt . 2... (5) 


For large values of », Y approaches asymptotically to the value 
3/4p and m to the value 7R?/h. The apparent mass of a homo- 
geneous sphere has therefore, according to this theory, a superior 
limit, depending only upon its superficial area and the universal 
constant 4. Majorana gives no calculations for bodies not of 
uniform density; but an easy calculation shows that the attraction 
of any spherical mass in which the density depends only upon the 
distance from the center, upon an external particle, is inversely 
proportional to the square of the distance from the center, as in 
the Newtonian case. The difference between the true and apparent 
masses will be greater, the greater the central ‘condensation. For 
example, if the density at the distance 7 from the center is pro- 
portional to (R?—7*)", it is easy to show? that 

Gres) 


Ian+12 


par ot 


t Op. cit., p. 420. The notation is slightly changed here. 
? See the appendix to this paper. 
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(where the true mean density is to be used in calculating p). Forn=t, 
w=1-—23p .... 3 form=2,p=1—42p..... The former value 
corresponds to a central condensation greater than in the case of 
the earth, and the latter to a central density more than four times 
the mean density. 

Majorana’s conclusion, based upon qualitative reasoning, that 
condensation toward the center will not radically change the 
amount of absorption of gravitation, is therefore justified; but 
the numerical effects of such condensation appear to be somewhat 
greater than he has estimated. 

2. We may now proceed to calculate the effects of absorption of 
gravitation in various bodies belonging to the solar system, using 


TABLE I 


GRAVITATIONAL ABSORPTION ACCORDING TO MaAjoRANA 


R 4 by v 
SUIT tem asa nersin See ea thaes 6.95 X10” cm I.41 °.660 0.33 
TOURS OO oye cine 7.23 X109 LS 0,065 0.951 
SHU RITE OO erie Renter eer 5.9OX 109 0.72 0.029 0.978 
Bate anette so byes o> 6.37X108 S258 0.024 0.981 
WVEAT Sia easton tctesciscs sets BEsoD<1o® 95 ©.0090 0.993 
INTOOH ann sesiete esis arom ese: can) © cov 3.40 ©.0040 ©.997 
IBKOSeR poets oA ane e s oe GK? B ©.00004 I .0000 


the value determined by Majorana’ for the constant of absorption 
(h=6.73 X10 in c.g.s. units) and assuming the bodies to be of 
uniform density. It must be remembered that, if p is the mean 
density derived from observation on the Newtonian theory, we 
will have =¥0, and hence pY=hRp. Knowing this, Y may be 
determined by successive approximations, or, if p is small, by the 
equation 


v=1— Spy —-Hpwe— foe... (6) 


obtained by “‘reversion’’ from (5). 

The results are given in Table I. The data for the sun are 
from Majorana’s paper. The diameter and density given for 
the asteroid Eros are rough estimates, but doubtless correct as 
regards order of magnitude. 

1 Op. cit., 29, 236. 
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It is evident that the absorption of gravitation within the larger 
planets is by no means negligible. 

3. The changes which such an absorption would introduce 
into the planetary theory are remarkable. ‘The attraction between 
two spherical bodies of masses M, and M, at a distance r is 
kM,M,/r* according to Newton. According to Majorana, we must 
substitute kM,MW../r? (since the force is weakened in traversing 
both bodies). 

Nothing in Majorana’s discussion suggests that any change 
would occur in the inertial masses. If these remain the same, 
the acceleration of M, will be kMwW,./r’, or kmw,/r?. Similarly 
that of M, will be kmz./r’, and the relative acceleration of the 

bodies toward one another will be k(ma.+m.W) /?’. 

The expression in parenthesis takes the place of the sum of the 
masses, M,+M,, in the Newtonian theory. Let M, represent the 
sun and M, the planet. We will have, by Kepler’s Third Law, 

3 
oA lat mab), (7) 
where a, and T, are the mean distance and periodic time of the 
planet. Comparing this with another planet, M,, we find: 


(2)"- (7) ; MwWo+ MW: 
a3 T;/ mi3+myx" 
The masses of the planets are all less than a thousandth part of 


the sun’s, and the factor ~, is also small. We may therefore 
write with high approximation: 


(ry Gi) 

GND Nes 
The error committed by disregarding the planetary masses is 
at most one part in ten thousand. This equation differs from 
the ordinary form of Kepler’s law by the presence of the factor 
involving y, and indicates that a massive planet should be con- 
siderably nearer the sun than a planet of small mass and identical 
period. 

Applying it first to Jupiter and the earth, we have y./; =0.960, 

so that, taking the earth’s mean distance as unit, the mean distance 
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of Jupiter should be less than that computed on the ordinary theory 
by 1.04 per cent. 

This is utterly inadmissible. When Jupiter is in quadrature 
with the sun, its annual parallax (the angle at the planet between 
lines drawn to the sun and earth) is approximately 11° 5’, and 
the suggested change would increase this angle by 6’ 56’. The 
planet’s longitude would then deviate from the ordinary ephemeri- 
des, which are computed on the Newtonian theory, by this amount 
every time that Jupiter was in quadrature, but in opposite direc- 
tions according as it was east or west of the sun. Any actual 
deviation of this sort cannot at most exceed 1/500 of the pre- 
dicted amount, and to avoid conflict with observation, Major- 
ana’s constant # would have to be correspondingly dim- 
inished. 

The case of Erosis even more striking. Taking the earth again as 
standard, we find that y./y;= 1.019, and the distance of the asteroid 
should be greater by 0.63 per cent. When it is in perihelion and 
at the same time in quadrature, its distance from the sun is 1.13 
astronomical units and from the earth 0.55. The suggested 
change in its mean distance would displace it by 39’ in geocentric 
longitude. With the planet in perihelion, but nearer to opposition 
(in about the position which it occupied in 1901, when it was very 
carefully observed), the discordance would exceed 1°—which is 
fully five thousand times as much as is allowable. 

The most conspicuous case of all is provided by the moon. On 
Majorana’s theory, the attraction of the sun should produce in the 
moon an acceleration greater by 1.6 per cent than that experienced 
by the earth at the same distance. This would be equivalent to a 
continually acting disturbing force, directed toward the sun, and 
amounting to 1/60 of its whole attraction on the moon, or 1/30 of 
the earth’s attraction. This is three times the maximum disturbing 
force due to the sun on the Newtonian theory, and its introduction 
would play utter havoc with the whole lunar theory. The admis- 
sible magnitude of such an unrecognized disturbing force is probably 
less than one ten-thousandth as great. 

Yet again, the tides on the earth’s surface would be radically 
altered. In addition to the usual tidal forces depending on the 
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variations in the magnitude and direction of the attraction of the 
sun and moon, there would be a force depending on the difference 
of the screening action for the earth as a whole and for a water 
particle on its surface. Over the hemisphere facing the sun this 
force would be directed toward the sun and amount to 1.9 per cent 
of the sun’s attraction. In the opposite hemisphere it would 
rapidly diminish, changing sign for points such that the absorption 
along the “‘ gravitational ray’ from the sun was equal to the average 
value for the earth as a whole. Beyond this the force would be 
directed away from the sun and reach a maximum at the point 
opposite it, where it would be 2.9 per cent of the sun’s whole attrac- 
tion (assuming, as elsewhere, a homogeneous earth). 

The tides are produced by the horizontal component of this 
force, which will evidently be a maximum when the sun (or moon) 
is on the horizon, and amount to 0.019 times the whole attraction 
of the body. The ordinary tide-raising force vanishes when the 
sun is on the horizon, is greatest when it is 45° above or below it, 
and amounts to 0.025 of the moon’s whole attraction and 0.000064 
of the sun’s. 

The additional tide-raising force demanded by Majorana’s 
theory is therefore about three-quarters of the recognized force due 
to the moon, but nearly three hundred times the recognized com- 
ponent in the case of the sun. This last term is more than eighty 
times the greatest tidal force that can occur on the Newtonian 
theory. 

4. We are forced therefore to the conclusion that upon the 
hypothesis that there exists an absorption of gravitational force in 
matter, without change in its inertial mass, the coefficient of 
absorption cannot exceed one ten-thousandth of that derived by 
Majorana from his experiments, and must be hopelessly beyond the 
reach of investigation in the laboratory. Thereis nothing really new 
in this conclusion, or in the reasoning by which it has been reached. 
All depends upon the old and familiar proposition that the motions 
of the planets prove that their gravitational and inertial masses are 
strictly proportional to one another, at least within a few parts in a 
million. Any influence which modifies one must alter the other in 
the same proportion. 
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Accepting this, we must assume in section 3 that the accelera- 
tions are inversely proportional to the apparent masses, m, instead 
of the true masses, M. It would then follow that all astronomical 
motions will take place in accordance with the Newtonian law, but 
that the apparent masses will everywhere appear in the place of 
the true masses. The only exceptions occur when one body 
intervenes directly between two others. The resulting effects 
are negligible for the planets and small for the moon; but in the 
case of the tides they are im- 
portant. - 

Let the apparent mass of the 
earth be m, and the radius R, 
and let there be a body B (Fig. 
1) of apparent mass my, at a 
distance D from the earth’s Q 
center C, and D, from a point 
P on its surface. At this point 
there is a particle of apparent 
mass uw. The attraction of the 
earth upon it is 

B 
g=kmu/R?. 


Ide, ots 


The horizontal tide-raising force acting upon P will be the sum of 
the components in this direction of the direct attraction of B and the 
inertial reaction arising from the acceleration of the system of 
axes, fixed in the earth, with respect to which the force is measured. 
(We may suppose that the earth does not rotate.) The force 
due to the attraction of B is: 


j= oe in 36 
where 2, is the apparent zenith distance of B for an observer at P, 
S the distance PQ which the line PB traverses inside the earth, 
and @ the earth’s true density (supposed as usual to be constant). 


Since S= —2 R cos %, we have by (4): 


km . kmmp . 
f= sin 2; €7? ees sin Z: (t+2 cos 2) 


I I 


(since p is small). 
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If cos 2; is positive, the last factor is to be set equal to unity. 

In this case, where the attraction between P and B varies 
with their direction as well as their distance, the apparent gravi- 
tational mass of P will vary according to whether we consider the 
attraction between it and B, or between it and the earth. (We 
obviously cannot suppose that the apparent masses of the earth or 
of B, whose attraction on one another is unaltered, are sensibly 
affected by the existence of the minute particle P.) 

The inertial mass of P may be equal to either of these values of 
its gravitational mass, or, more probably, to some compromise 
between them. Let us set it equal to w (1—e). The acceleration 
of the earth, due to the attraction of B, will be km,/D? sin z, where 
z is the angle PCB (the geocentric zenith distance). We have, 
rigorously, 

D sin z=D, sin 2, 
and, neglecting R?/D?, 
D=D,+R cos 2: . 


The inertial reaction of the particle P, in the horizontal direction, 
will be, to the first order: 


Rmx i km. 3R 
uxt sy ae padi s MBN n 
i D (1—e) sing D: sin (1 €— "Fy COS fx ais 
The deflection of the vertical by the tidal force will be given by 
pec i rues . R 
tan patel a SIN 21 (35 COS 2;+ 2p COS ate) : 


The first term in the parenthesis gives the effect on the Newtonian 
theory. 

The quantity « must be very small. If the inertial mass of the 
pendulum, swinging under the earth’s attraction, were 1—e times 
its gravitational mass, its period would be 1—e/2 times that derived 
from the ordinary theory. When the sun and moon are above the 
horizon, e must be zero. If it were as great as o.cor when both 
are below the horizon, all pendulum clocks would gain at the rate 
of nearly two seconds an hour. The greatest admissible value 
must be well below 0.0001. On the other hand, 3R/D is 0.050 in 
the case of the moon, and 0.000713 for the sun, while 29, for the 
earth, is 0.048. 
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The assumption of an absorption of gravitational force in 
passing through the earth leads therefore to discrepancies in the 
case of the tides which cannot be removed by any admissible 
assumption regarding changes in the inertial mass of the attracted 
water. The lunar tides should be twice as great, and the solar 
tides 370 times as great, when the attracting bodies are below 
the horizon as when they are at the same altitude above. 

The most accurate observations of tidal force are undoubtedly 
those of Michelson and Gale, derived from observations of the dis- 
placements of the water level in underground pipes. From their 
curves’ it is evident that the Newtonian theory represents the 
forms of the observed curves within a few per cent. The relative 
amplitudes of the solar and lunar tides, for a whole year, agree 
with theory within the probable errors (about 3 per cent for the 
larger oscillations). This indicates that any absorption of gravita- 
tion, in passing through the earth, cannot exceed 1/5000 of the 
value assigned by Majorana. 

5. It appears therefore that the assumption that gravitational 
force is weakened in passing through matter must be definitely 
abandoned. 

But what then becomes of Professor Majorana’s long and careful 
series of experiments? If their result is accepted, it seems necessary 
to interpret it as showing that the mass of one body (his suspended 
sphere of lead) was diminished by the presence of another large 
mass (the surrounding mercury); that the effect was a true change 
in the mass (since inertial mass and gravitational mass are all 
the kinds of mass that we know of); and that it depended on the 
proximity of the larger mass, and not upon any screening action 
upon the earth’s gravitation. 

Strange as this notion may seem, it is not inherently absurd. 
Indeed, if the phenomena of gravitation and inertia may be 
accounted for by assuming that the four-dimensional ‘“world”’ 
possesses certain non-Euclidean properties, or ‘curvature,’ both 
in the presence of matter and remote from it, it is not very sur- 
prising if the curvature induced by one mass of matter should be 


t Astrophysical Journal, 50, 342, 1919. 


255 


IO HENRY NORRIS RUSSELL 


modified to some degree by the superposition of the curvature due 
to another, so that the effects were not exactly additive. 

A great variety of assumptions may be made regarding such an 
influence, and many of these might have the advantage of giving 
a conservative field of force, which Majorana’s did not. Complica- 
tions are still likely to arise. For example, consider a large spherical 
mass, alone in space and gradually contracting upon itself while it 
moves forward ina straight line. Its mass will presumably diminish 
as its various parts come closer together; but what will happen to its 
velocity? Presumably this would increase, but it seems obvious 
that either the conservation of momentum or the conservation of 
energy would.have to be abandoned, if not both. Come next to a 
planet revolving in an eccentric orbit about the sun. Its mass will 
diminish at perihelion, and this will probably lead to changes in 
its orbital velocity. The resulting alterations in the orbit will 
depend on the law of change of velocity, and it might be possible 
to invent a law which would lead to conclusions consistent with 
observation. 

Further speculation on such matters seems, however, to be 
premature, when it is considered that the whole structure would 
rest upon the observation of a change in weight amounting to one 
part in 1200 millions. Discussion of the possibility that some 
undetected systematic error has crept into the results, in spite of the 
great care taken to eliminate such errors, or to correct them, must 
be left to those better versed in experimental technique than the 
present writer; but it is to be hoped that the further experiments 
which Professor Majorana contemplates will provide the data 
regarding the reality, magnitude, and laws of variation of the sus- 
pected influence which are now evidently desirable. 


APPENDIX 


The proofs of certain statements made previously are collected 
here to avoid interruption of the course of the discussion. 

Let P, Figure 2, be any point at which it is desired to find the 
gravitational attraction of a mass M. Draw through P an ele- 
mentary cone, of solid angle dw, intersecting M between the points 
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A and B. Let Q be any point inside M at a distance 7 from P. 
The element of this cone between the distance r and r+dr from 
P will have a volume r*drdw and a mass 6r*drdw, where @ is the true 
density. Its attraction + 

upon a unit particle at B ee 

P will be kédrdw, accord- sea ee. 

ing to Newton’s law. If ec | as eee 
we set @dr=dn, n will be 
the total mass per unit 
section of a thin cylin- 
drical column extending 
from Q to A, and the attraction at P will be kdwdn. Integrating, 
we find for the attraction of the conical frustum AB the value 
kn,dw where v; is the value of [6dr between A and B. 

According to Majorana, we must take the absorption of gravita- 
tion into account. In passing through a distance dr, this is 6dr or 
hdn. Hence the transmission through the layer QA is e~™, and 
we find easily for the whole attraction at P, due to the frustum, 


Fic. 2 


k —hnx 
AG -e—*m) day, 


Suppose now that M is spherical and that the density depends only 
on the distance from the center C. Let the angle CPB be 6 and 
CAB be a, also let CP=R, CA=R,, then 

sin p=5 sina. 
The whole attraction of the sphere at P must obviously be directed 
toward C. The component in this direction of the attraction of 
the frustum already considered is kn,dw cos 8. If is the position- 
angle about the axis CP, we have: 


dao=sin B dp dp=" sin a cosa secB dadd. 


The whole attraction of the sphere at P will be 


F= pH sin a cos ada, (1) 
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according to Newton, but 


re i (r—e-*™) sin a cos ada, a 


according to Majorana. 

It is evident that 2, depends only upon the length of the chord 
AB, that is, that it is a function of a, and hence that the definite 
integrals in (1) and (2) depend only upon the distribution of 
density within the sphere. Therefore the whole attraction of 
the sphere at an exterior point is inversely proportional to the 
square of the distance from the center, on Majorana’s theory as 
well as Newton’s. 

When finally reduced, equation (1) goes over, of course, into 
the familiar form 

F=kM/r. 
If the density is uniform, 7,=2R,@ cos a, and equation (2) gives 
Majorana’s formula for y. For other laws of density the integrals 
will in general be difficult or impracticable to reduce to known 
forms; but if the total absorption is small, we may write: 


- ac —e—hm)=n,—thn?..... 


If the density @ is proportional to (R3—S?),” where S is the distance 
from the center of the sphere, we find without difficulty that n, is 
proportional to (R3—S,)"*?, where S, is the least distance of the 
chord from the center. But then S,=R, sin a. We may then 
write n;=CR, cos’”** a and find on Majorana’s theory: 
omkCR3 ( tr _ACRy 
R? an+3 8n+8 °° °° /]° 

The first term equals kM/R?, or aia Fes 3R?, if 6 is the true 
mean density. Hence 


F’= 


iN 4n-+6 bo, 
5 
and 
FM (2n+3)*, 
aS RAI 12n+ 12 hteRe) , 


as stated in the text. 


Mount WILson OBSERVATORY 
July 20, 1921 
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NOTE 


Professor D. L. Webster, in a conversation with the writer, has 
pointed out that the supposition of a change in velocity of a spherical 
body which is contracting and hence diminishing in mass (according to 
the alternative theory suggested in section 5) is inconsistent with the 
principle of relativity, since, from the magnitude of such a change (no 
matter whether energy or momentum should be conserved) it would be 
possible to determine the absolute velocity of the body. 

This difficulty makes the theory of an actual change of mass appear 
very improbable, and the trouble is not diminished when it is asked 
what becomes of the energy which, on relativistic principles, is equivalent 
to the mass which has disappeared. Further evidence regarding the 
reality of the experimental effect appears to be urgently called for. 


PRINCETON UNIVERSITY OBSERVATORY 
September 27, 1921 
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NOTE ON COOLING BY EXPANSION IN SUN-SPOTS 
By HENRY NORRIS RUSSELL* 


ABSTRACT 

Cooling by expansion in sun-spots—Assuming the low temperature of sun-spots 
to be due to the expansion of the rapidly rising gases, it is shown that the base of 
the spot vortex must be a region of very high temperature, probably over 20,000°, 
and the increase of volume on ascending must be large, probably over 30 times. But 
only rough estimates can be made. 

It is generally accepted that the relatively low temperatures of 
sun-spots are due to the cooling of the gases by expansion in the 
upper part of the vortex. The temperature of the spots is probably 
2000° to 2500° C. lower than that of the photosphere, so that they 
may be regarded as the most powerful refrigerating engines known 
to science. 

To estimate the degree of expansion which is necessary to 
produce this cooling, consider a mass of gas rising in the vortex. 
It cannot cool faster than the rate given by adiabatic expansion; 
nor, indeed, nearly as fast, for great quantities of heat are flowing 
into it by radiation from the hotter regions surrounding the vortex, 
and, within the gases of the vortex, processes of recombination of 
electrons with ionized atoms and of formation of chemical com- 
pounds are at work on a large scale, and these liberate great quan- 
tities of heat. (Formation of TiO,, 3000 calories per gram of 
reacting material; neutralization of singly ionized calcium, 3500 
calories per gram; most neutralizations give off more heat.) 

Meanwhile, the temperature of the surrounding solar gases, 
through which the vortex column rises, must diminish upward; 
and this temperature gradient cannot be less than that of radiative 
equilibrium, for otherwise the observed outward flow of heat from 
the sun’s interior could not be maintained. 

In radiative equilibrium, we have 


Ta P/4. p¥/3 


t Research Associate of the Mount Wilson Observatory. 
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where 7, P, and p represent the temperature, pressure, and density, 
respectively. In adiabatic expansion: 


es 


f [kee prreP 7, 


y being the ratio of specific heats. The effect of ionization in 
altering the mean molecular weight of the gases is here ignored. 

Suppose that the vortex starts at a depth where the temperature, 
pressure, and density are 7,, P,, and po, and rises to the surface 
where, outside the spots, these quantities are T,, P;, and p;. In 
the spots, at the visible surface, the temperature will have the lower 
value T,. The pressure will be about the same as P,, for it is 
probable that we look down through about the same amount of 
matter per square centimeter, before being stopped by atmospheric 
scattering, in the spots and in the photosphere; and, of course, the 
solar gravity is the same. 

Hence: 


We have then for radiative equilibrium: 
de P, 1/4 
n(n) > 
and for adiabatic equilibrium: 
eae a 
Tor hs 
Tay P, serail! me i 
Tyo Ee CEN Co) autie 


(EP Po_ (To\*. p&_ (Ea? 
T: fT; : Pee 1 Ay fa pen Ee 


Now in the actual case T, is about 6000°, T, 3500° to 4000° C., 
and T,/T, 1.5 or more. The greatest possible value of y is 5/3 
(monatomic gas). This would give: 


whence: 


T,=2.0T;=12,000; Py=16P;; po=8p:=5.3p2. 
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But, for reasons already stated, this must greatly underestimate 
the amount of expansion. If, as a rough allowance for the effects 
of radiation and recombination in the ascending vapor, we assume 
that, on the average, y equals 7/5, as for a diatomic gas, we would 
find: 


T,.=17T;=100,000°; P,=80,000P;;  py= 5000p: = 3300p>. 
Assuming y = 3/2, we have: 
To =3.71:= 22,000; Py=190P;; po=51p1=34p2- 


It is evident, therefore, that the base of the spot vortex must 
be in a region of high temperature, and that the increase of volume 
in ascending must be great; but no numerical estimates can be 
made. 

It may be noticed in conclusion that the very existence of 
cooling by expansion in sun-spots shows that any general vertical 
convection in the outer layers of the sun must either reach only to 
a depth which is small compared with that from which the ascend- 
ing spot vortex comes, or else be so slow that the cooling by expansion 
as the gases rise is continuously made up by heating by radiation. 
Otherwise the temperature gradient would be so nearly adiabatic 
that no important differential cooling could occur in the spots. 


Mount WIison OBSERVATORY 
July 27, 1921 
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STUDIES BASED ON THE COLORS AND MAGNITUDES 
IN STELLAR CLUSTERS 
NINETEENTH PAPER: A PHOTOMETRIC SURVEY OF 
THE PLEIADES 
By HARLOW SHAPLEY anp MYRTLE L. RICHMOND 


ABSTRACT 

Survey of photographic and photo-visual magnitudes of 821 stars in four square 
degrees in the Pleiades —The photometric study of a region two degrees square, with 
Alcyone in the center, was undertaken to supplement Trumpler’s study of the proper 
motions. The results of measurement of 30 photographs made with the 60-inch 
reflector, comprising a total of 290 exposures, are given in Table II. There are no 
abnormally large color-indices. This is the first star cluster for which comprehensive 
data for dwarf stars have been secured. 

A detailed study of the proper motions of over a thousand 
stars in the neighborhood of the Pleiades by Dr. Trumpler has 
shown that the cluster contains in the central field of 4 square 
degrees about 200 members brighter than the fourteenth magnitude. 
The parallax of the Pleiades is of the order of 0’01; hence the 
absolute magnitudes of the main bulk of the cluster stars lie 
between +5 and +9. As this is one of the few stellar groups 
in which the color, frequency, distribution, and motions of dwarf 
stars can be investigated successfully, a study of the photographic 
and photovisual magnitudes was begun at Mount Wilson three 
years ago in order to supplement Dr. Trumpler’s work on proper 
motion. 

The comparison of the Mount Wilson magnitudes and colors 
with the work of other observers will be made in Trumpler’s 
monograph, which will also include a full discussion of the structure 
of the system of the Pleiades. 

For each catalogued magnitude the average number of images 
measured is approximately four, and the average probable error 
is of the order of 0.06 mag. Only the final results of the photo- 
metric work are given in the present paper. Information relating 
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to the photographs, measures, and reduction for any individual 
star can be obtained by communicating with the Mount Wilson 
Observatory. 

In order to cover with the 60-inch reflector a region 2 degrees 
square (Alcyone at the center), it was necessary to divide the area 


TABLE I 
PHOTOGRAPHS OF THE PLEIADES 


Plate Number Kind Date Fields 
BOT 2 Cente iets Aes e rare eave S27, 1917 Oct. 12 1, 20; 210,.22,.285.24 
BOTS reine nts ieee aa veh 27 Ocha 25, 20, 27, 28, 20, 30 
ALOR ey eto mig ea pte Sete Iso Nov. 11 20,;23") Nes 
ET SAM a elearning S927; Nov. 11 20/123 NPE 
AL OG ees tee Seater ee S27 Nov. 11 23, 2A INE: 
A SOO ae forevelar teh eaet SIS Iso Dec. 20 13) TAs LO, Lys 
ZOD ye eis ran aero: S27 Dec. 20 TZ, 14, 15, 16, L7 S 
BOSON the Sa hletoneaaehe S27 1918 Sept. 1 Phy Ope oie 34, a5, 20 
OST Rae Iso Sept. am) 35325 33)154135750 
AOS 2 rhein ree S 27 Sept n E17, 35 TOs 25595 
ROG Mrseepsen json Marrs ee Iso Nov. 1 T2210, Nes 
ATOO Mead a eee eee S 27 Nov. 1 12, 10, N) Pg 
ATO oes eee 3.27, Nov. 1 TO; 7) New ke 
BIOS thes ly at eer url Iso Nov. 1 Ji Ss Oy LOM LEE 
BAIOO sy ere oto ee S 27 Nov. 1 7, 00) BO; OnE Be 
ASAG i: Sine aoe ata Iso 1919 Feb. 25 TQ; 2020022 428624) 
BASCOM ep tn) te Aree S27 Feb. 25 PR ey is OE ly INI IE. 
ASST mate sie sere i anters Iso Heba25 6.3, Nee Re 
BBES csi cumeianils ornate Dy 2G Feb. 25 OnaZ INE Be 
EoP Ties aas Hic sled Patel Se S 30 July 23 6,)125.18, 24.30.4030 sNiees 
(oy Pera Armee ele S 30 julys23e "30533. N. P. 
SOAS) Aes Ieee Iso Aug. 22 255-208 271 Do 2OO 
BOS Onmuahs sete) ene Iso Sept. 21 Tae. 35 rx 5, 6 
SEES s a coerce Shee Iso Ocke3s 6, 12, 18, 24, 30, 36 
TR Ata ae casita dee S 30 Dec. 18 15, 16, DP, Nn Ne 
GUGS Pi aeaug rae eee S 30 Dec xS iret 22) 27, 28, N. P. 
SOOT Ae ie skies oe Iso 1920 Sept. 14 28, 22 Oe. 
SOOSarcea cometh eee me tes 530 Sept. 14°59 22.27. N. P. 
GOOG eee scree ie S 30 Sept. 14 21, 15, 16, 22 
GOTO rete cc lalectahe an Iso PD eh |p i 85 wey Hs) 


into 36 equal fields, the centers of adjacent fields being separated 
by about 20’. 

The scales of the photographic and photovisual magnitudes 
were determined by comparison of these fields with the North 
Polar standards" and with each other. The list of photographs in 
Table I shows how the various fields were intercompared and con- 
nected with the Pole.. Each plate was given two separate exposures 


* Seares, Mt. Wilson Contr., No. 97; Astrophysical Journal, 41, 206, 1915. 
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to each of three or more fields, with exposure times of one minute 
and five minutes, respectively, for photographic and photovisual 
magnitudes. Yellow filter C was used with the isochromatic 
plates (Cramer Instantaneous). The measures and reductions 
were made according to the methods generally used for photometry 
at Mount Wilson. 

The photometric catalogue, Table II, contains in the first three 
columns the number in Trumpler’s forthcoming catalogue and the 
abbreviated positions for 1900.0 from the same source. The fourth 
and fifth columns contain the photographic magnitude and color 
index determined at Mount Wilson. In the sixth column the first 
number for each star refers to photographic plates, the second to 
photovisual plates. 

All stars brighter than 11.0 photographic, or 10.0 photovisual, 
are omitted from our catalogue. Those stars whose magnitudes 
are disqualified by the proximity of the photographic images of 
other stars are also omitted. A few of the stars catalogued are 
probably variable; the data relative to them will be published by 
Trumpler. 

The color indices of 753 stars are given in Table II; five of them 
are negative; only two exceed +2.00. For 26 stars there are 
photographic magnitudes, but no color indices; for 42 stars there 
are photovisual magnitudes only. The total number of stars in 
our catalogue is 821. 
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TABLE II 


CATALOGUE OF 821 STARS IN THE PLEIADES 


Trump- | R.A.| Decl. Pg. ci. | No- of|} Trump- |} R.A. | Decl. Pg. CI No. of 
ler No. | 1900 I900 Mag Plates|| ler No. | 1900 I900 Mag. ““* |Plates 
Skye oa37s 
EServenis 683 | 24°41/3 | 14.54 |] 0.35 | 3,3 —68....| 5889 | 23°5640 | 12.09 | 0.99 | 1,1 
Sisekou PROMI AAU IONS), le dai OO s latelsarers ae 69....| 59.3 | 23 26.2 | 13.24 | 0.6 || 3,4 
Bae rare 8.5 | 24 47.7 | 13557 | 1-62 |) 1,2 BE all SOs: 2d: BBO Vaswralee oteee stan oak 
Satie I1.0 | 24 33.0 | 14.00 | 0.49 | 4,1 3538m 
‘Opies 12.6 | 23 1.4 | 14.14 | 0.63 | 2,r resuee 2.0 | 23 53.8 13.85 | 0.41 | 1,1 
BZicooe| 23 | 24 WS.anl 2.20) | Orazaieins2 
TOs tardaesis 16.0 | 22 50.4 | 13.61 | 1.06 | 2,2 —76....| 3.2 | 23 40.8 | 11.62 | 1.27 | 2,3 
TL raveyetes TO.8: 1/237 30-8 || £4520) 10.72 || 22, ier ar ll aaeecern lent OnlOrA ya mae 
To eo, feo il Mel de ey dtoe- 2 Ra lege ENP I,t 7B. esl Se2 1 22 S440 ||| £3.00) | O,O5 21 
Tdiaei aye EFT 230 5041) E3002 | L207) | az f 
TA... 17.8 | 24 46.5 | 13.73 | 0-73 | 3,3 79....| 5.6 | 23 13.6 | 11.32 |—0.08) 1,2 
TOs ccc 20.1 | 23 16.0 | 13.04 | 1.94 | 1,1 ae aes a oe @ a pee ee 
Ty aites 20.3 | 24 29.6 | 14.72 | 0.47.| 4,1 84 7.1 aS ays apa ° 2 F; 
Tao 21.0 | 23 14.7 | 13.67 | 0.59 | 1,1 —85 7.5 a a es Fi dod sa 
TO ecu 22.7 | 23we0.T |) 14.437 2.70 |) X55 ; SES, SOL Sate 
BO ewes 22,81) 249 HSS 21625 On soa ree YS... 8.1 | 24 25.0 | 13.75 | 0.67 | 3,r 
BE ees 23.0 | 22 55.7 | 13.24 | 1.53 | 2,1 Bie ee 24 41.2 | 13.07 | 0.60 | 3,3 
Py 23.2 | 24 30.9 | 14.39 | 0.85 | 3,3 we nes 23 oe aod SEIN Eee 
ee eae 23.7 | 23 32.5 | 14.29 | 0.54 | 3,3 or ap 23 =the ee 0.32 | Zt 
Dard iis 24.2 | 24 22.2 | 14.55 | r.15 | x,t || 9°°° 255 15240 14's 14.00'| I-37 | 2,1 
Ze aver 25.3 |/23 16.7 | 14.09 | 0.30 | 3,2 
Ql. Q:2 |.24 92.6 | 13405 | 0.54 | +z,2 
BOR ya ters 25 Sul i24etoOerilismesawnlesiesers je Nea 9-7 | 24 1.2 | 14.03 | 0.59 | 1,1 
ayy 25.7 | 23 42.8 | 13.04 | 0.54 | 2,2 93 LOA 240 Laa hl ae cate [ete sakes sr 
BBN al 26.5 | 24 31.1 | 14.27 | 1.05 | 4,3 94 Lise A, 1X2 S05 5 iO | teheretarsners | ckeverntate yt 
2Qy eins 27.5 | 22 56.8 | 13.68 | 0.73 | 2, 95 15.0 | 24 25.2 | 11.65 | 0.41 | 1,1 
Biron. 28.7 | 24 18.0 | 14.03] 1.01 |] 4,4 
96.. XSv2 [24 F824) |) LAOS aM loretetoere i: 
Bane 28.9 | 22 58.3 | 12.12 | 1.62 | 2,1 OF ier U5 .O| 24) TAA lean lero eee iI 
Baie EA PY ROR Eee \onnaewellabbeta 7 98 OE NOY) Pi ieMbomdn ac bcods- 2,2 
CV Parad SOean ear sa male mene aenaye 2,1 ||—99 10.2 | 24 5.2) | x5,20 | 0.70) |r 
Bee ay sire 34.2 | 24 38.6 | 14.42 | 0.64 | 4,3 100 16.6 | 23 3.8 | 12.15 | 0.82 | 2,2 
AO crews 34.3 ||| 24. 20.4) | 22/523) OL4y toe 
OI 16.6 | 23 43.0 | 12.64 | 0.62 | 2,2 
Biinwiscere 36.8 | 23 21.4 | 11.04 | 0.34 | 1,2 102 16.6 | 24 45.4 | 12.33 | 1.00 | 3,3 
BS o cchnte 37.4 | 24 27.8 | 14.00 | 1.37 | 4,4 |t103 17.0 | 23 42.9 | 12.28 | 0.58 | 2,2 
Bocce 37-5 | 24 16.5 | 14.49 | 0.62 | 1,1 106 20).01' 23169 SAU senate meets I,t 
ADs dsc 37.7 |\.24.16.2 | t4.52 | 0.80 | ¥,r 107 20.5 ||| 22 Ss ln x2,.081|| Orso. ese 
AE wise BO. Ou 220s suet OA EO.OSt sss 
Aa scr te 39.1 | 24 36.1 | 12.66} 1.26 | 4,3 se ECE er We peg aa pe ae 
Pelaagone ms 6 | 22 52.3 | 14.63 | 1.68 | 1,1 112 2s | a 14k | oneness I 
BA aulartere © | 24 25.4 | 14.03 | 0.23 | 1,1 [3s 22.7 | 24 27.4 | 11.55 | 0.93 | 22 
pen eee rear a had toe Mtrarntn a ane ec OCA 
setters sae tone af 
11s 24.3 | 2427.2 | £4.44. | 0.87 || 92,2 
are of 2 a4 Bey ape os = 117 25.6 | 23 12.1 | 13.88 | 1.07 | 1,1 
S2icisis evs 40.9 | 24 45.7 | 14.18 | 1.80 303 59) 27-4 | 24 6.6-) 13.53 | ¥-30 | Ut 
120 28.4 | 23 2z.1 | 12.13 | 0.85 | 1,z 
54.. 49.0 | 24 39.0 | 12.18 | 0.87 | 4,3 122 2 eG : 
BS ciiens 49.5 | 24 38.4 | 13.43 | 0.36 | 4,3 DAG Iee Slhcraage fas pe Iie 
Ontos §0.0 | 24 41.2 | 12.34 | 0.67 | 3,3 123.. 32.0 | 24 23.9 | 13.85 | 0.37 | 1, 
Eo Raeioae 52.0 | 23 43.3 | 12.16 | 0.72 | 2,2 124.. 34.8 |.23 3.8 | 14.09 | 0.17 | 1,2 
tah eas 53-3 | 22 53.7 | 11.42 | 1.26] 2,1 124@....| 34.9 | 23 3.9 | 14.89 | 0.49 | 1,1 
9 53.0 | 24 44.7 | 14.14 | 0.45 | 3,3 T25.0....] 38.4 | 23. 22.4))) 23.91 | 0.84 | 15,2 
Olnatacle s 54.2) (23, 559 | h.70: | 0.80 | 2.x 120.. 38.5 | 24 43.4 | 14.21 | 0.49 | 5,5 
Ole sees SO.5 | 23) 54.6) ts.52 | tra |) 22 I27 5 00% .o | 24 38.8 
CHa adas 57.0 | 22 56.3 | 13.61 | 1.56 21 rab. Bel ene e Sit aie 5 Ue Re 
Ores Ta2@ul23ie 2.0 NNEke7On|KOssgul mark 20.. 39.1 | 23 44.8 | 13.22 | 1.80 22 
GObieisemi 58.2 | 24 44.4 | 14.71 | 0.74 | 3,3 20a. 30.3 | 23 41.2 | 15.68 | 1.48 21 
OF. 58.3 | 23 22.8 | 13.46 | 0.54 | 1,2 I30.. 42.2 | 24-1217 | 2r 80) | o0760| oxox 
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COLORS AND MAGNITUDES IN STELLAR CLUSTERS 


DO Aw b 


OwwKON 


Oox2004 


OoTEUG 


ROMAN 


H 
b&b 
HOON O 


MoO 


fon 
ak HO CO 


bHERON 


ROSA RARON 


AOR 


Pg. 
Mag Cah 
Reciever che Biss 
12.42 | 0.62 
14.02 | 0.62 
13.81 | 0.55 
14.64 | 0.40 
13.90 | 0.58 
12.1r | 0.64 
13.41 | 1.29 
14.50 | 1.14 
14.12 | 0.62 
5.2421) 2.78 
Ee AOC cow ws 
14.905 | 0.84 
TET Si |\Nc avis 
I4.1I | 0.75 
14.20 | 0.63 
14.03 | 0.91 
11.62 | o.7I 
13.04 | 1.12 
Ir.02 | 0.60 
13.95 | 0.64 
14.90 | 1.33 
14.84 | 1.11 
13.52 | 1.80 
14.12 | 0.56 
14.94 | 1.26 
TS e0) 0230 
14.61 | 0.79 
13.98 | 0.53 
12.82 | 0.40 
14.00 | 0.36 
13.98 | 0.54 
Ir.56 | 0.43 
15.60 | 1.26 
14.49 | 0.74 
13.44 | 0.92 
rs.74.| 2.26 
12.86 | 1.26 
14.36 | 0.62 
13.25 | 0.62 
13.03 | 0.85 
I5.00 | 1.42 
12.45 | 0.38 
I2.20 | 0.36 
14.02 | 0.49 
13.68 | 0.49 
14.64 | 0.69 
II.23 | 0.39 
14.60 | 0.65 
14.42 | 0.71 
13.22 | 0.70 


No. of || Trump- 
Plates || ler No. 
We : TS ee 
2,2 BeSy tha c 
2,1 TBO hee 
453 ROO} ieee 
553 {L192 
103 
43 104 
453 106. 
[Lie 
y I 
353 Ne 
200 , 
3,2 201.. 
a 202 
3,2 203i an 
Ds 204 
2.1 : 
QOS ist 
DOL ss 
33 IE eh 
I,t “2OTD +05 
2,1 ZOO is civ. 
1,3 
353 210 
3,1 2Ir 
ess 
213 
21 
4,2 i! 
i,t 216... 
i,t Bre 
4,2 218.. 
1,2 220.. 
221 
rx 
ole 
4,2 || 223-++-- 
a 11224 
213 226 
1 oe ONE 
2,1 228.. 
3,2 2284. 
2,2 220.. 
I,I 230 
232 
2,2 236. 
3,2 237. 
2,2 238. 
232 230 
3:I || eqr 
2414 
2,3 
22 242.. 
rr }{-243-- 
ae 244.. 
> 
3.2 2440. 
DA Stes 
2,2 246. 
3,2 248. 
I,I 240. 
4,2 250 
2,3 251 


OHPNUN UND H 


HO00M HOKOO 


000 00 do 


On Au 0 ond 


HNONNH 


w& 
me 
O GIN H FO HI HON 


NVYND PHOTO 
Qw HATH 


WOO DW &uHooH 


ORHAD AnH WMO Hob KARA bOHODO 


boUkE 


& MNO DA AWW HHO AKWHAHKA 


Mag. CI 

"14.81 | 0.84. 
14.66 | 1.00 
13.15 | 0.67 
14.05 | 0.50 
12.58 | 0.67 
14.32 | 0.79 
I4.12 | 0.72 
I2.90 | 0,82 
13.80 | 1.46 
13.12 | 0.04 
13.82 | 0.98 
I3.00 | 0.64 
14.80 | 1.22 
14.09 | 0.69 
13.98 | 1.06 
I4.02 | 0.96 
13.83 | 0.80 
15.98 | 1.38 
13.98 | 0.58 
11.84 | 1.07 
12.54 | 0.48 
I3.92 | 0.64 
“14.18 | 0.78" 
13.98 | 0.83 
“t4.16 | 0.63. 
13:39°): E. 18 
14.32 | 1.07 
“12.12 | 0.82, 
12.64 | 0.68 
12.48 | 1.45 
12.84 | 0.86 
11.46 | 0.48 
15.20 | 0.69 
13.59 | 0.64 
12.12 | 1.18 
I3.44 | 1.14 
14.94 | 0.64 
12.93 | 0.68 
12.44 | 0.24 
13.75 | 1.84 
14.70 | I.20 
13.85 | 1.02 
14.11 | 0.61 
"15.04 | 0.80 
12.84 | 0.50 
14.29 | 0.66 
RZ) S27 seie dels 
“rr.10 | 0.64. 
II.02 | 0.12 
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6 HARLOW SHAPLEY AND MYRTLE L. RICHMOND 
TABLE II—Continued 
Trump- | R.A. Decl. Pg. C1 No. of || Trump- | R.A. Decl. Pg. CI No. of 
ler No. | 1900 1900 Mag * | Plates|| ler No. | 1900 1900 Mag “| Plates 
gh4om) 3gh4om 
252....| 729 | 24°2610 | 14.40 | 1.25 | 2,1 317....| 4080 | 22°48/r | 14.35 | 0.44 | 2,7 
253....| 8.9 | 24 15.3 | 14.03 | 1.41 | 1,1 BIB, sso 40.2) |) 24° 0 I £2790) || On 7 Pel 25a 
254....| 9.0 | 24 34.2 | 14.30 | 0.80 | 3,3 319 40.1 | 24 38.9 | 11.12 | 0.69 | 1,2 
25s....| 9-1 | 24 31-7 | 13.96 | 0.78 | 2,2 321 40.4 | 24 37.7 | 14.20 | 1.08 | 2,2 
257....| 9-3 | 24 15.0] 14.66 | 1.19 | 1,1 322 41.3 | 24 12.6 | 14.52 | 0.96 | 1,1 
258....| 9-4 | 22 59.8 | 14.11 | 0.90 | 4,1 323 41.7 | 24 30.5 | 13.76 | 0.61 | 2,3 
259....| 9-4 | 24 33-3 | 12.88 | 0.74 | 2,3 324. AETS!|| Qo 2on Outed ereietellistsrerntets 2,2 
260....] 9-9 | 22 47.8 | 14.08 | 1.04 | 2,1 325 42.0 | 24 35.4 | 14.04 | 0.51 | 2,2 
261....| 10.9 | 24 36.3 | 13.98 | 1.12 | 3,3 320. 42.3 | 23 41.0 | 13.58 | 0.95 | 2,1 
262....| 10.9 | 24 37.1 | 13.85 | 0.53 | 3,3 328. 42.7 | 24 2.4 | 13.77 | 0.26 | 2,2 
263....| 12.4 | 24 35.8 | 14.46 | 1.08 | 3,3 320 42.9 | 23 43.1 | 12.80 | 0.43 | 2,5 
264....| 11.4 | 24 19.3 | 14.07 | 0.73 | 1,2 330 45-0 | 23 11.2 | 12.83 | 0.52 | 1,2 
abs cer oeee Onl 23n44. On Met. 20: inemetare a 332 46.5 | 24 37.1 | 13-75 | 0.63 | 2,2 
266. .«.| T1261} 22) 54.4 | IE.25 [0-85 | at eZ 46:6 | 23-56.7 | 14.20: | (0576 1) 2,2 
267....| 12.9 | 22 49.2 | 13.20] 1.59 | 2,1 |} 3334 4027.4) 23° 56.7 | 15).20; ||| 2.07 I! 252 
268....| 14.0 | 34 18.6 | 12.51 | 0.70 | 2,2 || 334. 47.2 | 24 0.1 | 10.92 | 0.28 | 2,2 
2602. ..0) 1520 1/22) 50.4 Wrd.O4) erin Aen 3a5. 4723 |. 23 (EB) 54.06) 6:30] 25 
By ales eye 221 40e Aa Ge OO ll reine ia) ead 330. 47.5 | 24 19.0 | 14.17 | 0.18 | 12,1 
B72 er LOLS lt 24/4300) St Aely On Onl O33 339. 40:0 | 24 37.5 | 24.47 | O.74° | BE 
_-274....| 17-2 | 23 53.3 | 13.85 | 0.65 | 2,4 340. 40.3 | 24 35.3 | 14.28 | 0.55 | 2,2 
7S veel EPS 2408.7 1 Lae Sulle tee 2,2 34h... 49.6 | 23 30.9 | 13.47 | 0.32 | 2,2 
276....| 17-7 | 24 45.0 | 14.19 | 0.63 | 3,2 342...) 50.5 | 24 14.0 | 13.42 |) 0.20)| 25x 
277....| 17.8 | 22 53.8 | 14.03 | 0.88 | 3,2 343... 52.3. | 22 50.5 | 32.48 | 0.89.) AE 
DST) Urea ECAH Ne aia OOM otekerstevel valsearetes ok 344.. 54.5 | 24.30.2 | 13.85 | 0.4% | 1,4 
2Eoe te DOM2y | 23). AO Aw er si7 0.1 On Oma a2 3440. G52 24 Loegull FA SA Nl Oesa pl eek 
282....| 20.4 | 24 33.5 | 12.30 | 0.66 | 1, 345. 55-6 | 23 51.7 | 14.43 ] 0.53 | 252 
283) 5 Me 2Ougi| 24) SOnOl | 36G5 sr OrSOis) Uayt 347. 50.6 | 24 36.6 | 12.90 | 0.72 |) 252 
2830 sitet sOne 23 GOna wee SS sett etereaee Bes 348. BOO. (24) 2O.N2 hl olexerecaeean eveceeters a3} 
283045 (20 .ON leary re EAS 5 Non) | -ees2: 349. S707 |) 22 §Zi9' | 12252) |O. 998) ek 
285 valet | 22onle2surOns ly SEWSS I) OnO5n |) cline 350 53.3 | (23: 36.45|) FELO0 0.293) 2 
3hqr™ 
297 sae s(t23e Sul) 23 43-4 1235S.) OvsOil 2,8 3504 0.3 | 24 10.5 | 15.18 | 0.88 | 3,3 
237Ge <a) 23.651 SSN GOR Sal L407, Or ski ast 351 ©.5 | 2330.4] £3,660. OU Sau a oe 
2885 4). 24580) 23) 22.15, | E3517) 0070) 2 352 IF | 24-4008) OES sA5 ae 20) ee kee 
280 a 25<ONP eaves: Sil] L.OOntOrsOn |e kee Z53.cnce| 260 | 22 59.8: } 13598 (LOO) oer 
200....| 25-1 | 24 38.4 | 14.05 | 0.37 | 2,2 355 2<4 | 23 40.9 | 12.60 | 0.34710 453 
200 essa} 27-0. || 240 3.0 | 23.5211 O.7r my 2,2 356. 2.4| 24 4.4 | 11.30 | 0.40] 2,2 
202% cca) 27-21 24.42.30) 11-80) ] 1,02) |!) 252 357. 2.0} 24 522) ) 152.68: |) n536) | ore 
203 sal) 2755: || 24) SO-k) tse 5on|) O.40. | 252 358. 4.0 | 23 40.3 | 12.69 | 0.85 | 2,1 
2940 sul. 20-5: |) 23) 20.0 ear O2cf a 20 cl sere 3500 5.5) || (23 33.8) || P4.4r | 0.02 err 
200s. 56) SEs) 24) TeA MAE Se VO.sacle tea 360. 550: |) 24 TO.5 || £2.20) BsQOn) Vaee 
207 2 «.«'(.32-4 |) 23° 10.0) | £3256: | O90) }) ¥,2 361. Oak |esuarer ites 0.96 | 1,1 
208e sisal Saco | o2Sy SuOr le LAE 5. O50. |) 2m 362. 627, |) 22)'57/./5 a ae 21 
200.0 al S3-Sne 24 44.8 || 13,085) On770: |i r2n2 363. 7.0 | 22 49.6 | 13.86 | 0.58 | 2,1 
BOO siete | SS/e 7) e2Sn 4eON L434 OsOS peat 364. T) \23-23''8. Iih4 ES 00.82 ilerer 
302.06 64-4 122: 47.0) F400 | Ong4n |) 258 366. 10.2) ||) 243326 || 12567 || (O.30 Nl\ense 
BOS aco 4.5 1024 EB Tecya oO. 264 22 207i: £O.4 | 23 774 || 13.02 |"O.44 | ore 
B04 ciiolvodey pied Ong i) La.OS ove: 2,2 368. 10.6 | 24 12.9 | 14.01 | 1.07 I,t 
305.....| 64-0 | 24,369.90 |) 14.38 | 0,06: | (2,2 369. IT.0 | 23 24.3 |) 12.87 |\0.56: il) a,x 
305a....| 35.4 | 23 58.2 | 15.36] 0.90 | 2,2 370. II.Q | 23 10.2 | 13.79 | 0.41 | 1,2 
BOOn wnapiooeO i) 22 52rsul Te. 32 Onset 2.5 3700 12.8] 23 24.0 | 14.32 | 1.10 | 1,1 
3004... | 35-0 {23 40.8 || £4.59 |) 1.03 |) 2,0 Ey A ae I2.9 | 24 46. I4. °. TAT 
307s .00) GO.£.)) 23 S310 {\ EEs4E'1'0.08 ]) 2,5 373. 13.2 | 24 neh pegs ae 12 
308....| 36.4 | 24 16.6 | 14.21 | o.4r | 1,1 374 13:63: | 24) 97:05) | 14.07) On5ON aks 
309. .-.| 37-4 || 23 40.6) | 12.23 || 0132: | -352 375@ 14.3 | 23 44.0 | 14.59 | 0.34 | 2,2 
BIO w ae al! SziS All 2GuG2) Eel ksie Ail MEO ane 370. 14.3 | 23 53.6 | 14.16 | 0.34 | 2,2 
B3I2\ oie a] Sone (24275 ula tSeO0) | OnLOuls ey2 377 16.0 | 24 29. 14. °. 2,1 
313....| 38.8 | 23 39.0 | 12.90 |—0.06) 2,1 373. ER 7A 25: gees ae 068 LI 
SIA sr vias || Oech] 23 (20.30 || 230790) OLSS: jl ara 379. 18.0 | 23 48.4 | 13.86 | 0.48 | 4,3 
315....| 38.8 | 23 40.7 | 13.37 | 0.62 | 2,2 380. 18.3 | 23 53.0 |] 13.03 | 0.59 | 2,2 
310....| 39.7 | 24 26.2 | 12.70 | 0.52 | 1,r 382. 20.4 | 23 30.5 | 11.50 | 0.83 | 2,1 


COLORS AND MAGNITUDES IN STELLAR CLUSTERS 


TABLE IIl—Continued 


Trump- | R.A. Decl. Pg. CI No. of || Trump- | R.A. 
ler No. | ro0o | 1900 Mag. ~“* | Plates|| ler No. | 1900 

3h41m 3h41™ 
383. 2087 | 24° 4/8 | 13.62 0.86 | 2,2 AS Leiner siee 
384. 20.9 | 23 36.2 | 12.44 | 1.427] 3,2 452....| 58.0 
385. @n.2 | 24 8.6} 22.06 | 5.06 | 3,3 Bee tere GO ue 
385a. 2a) AgiaysA | Gewky: | Ox83 | 353 ASA. 504), SOa0 
386.. 21.4 | 24 19.9 | 13.93 | 0.25 | 3,2 ASS. Ses ROTO 
388.. 27,9 j0ea2 $6.8.) 53.00. }-.0-45 | act B80 cu BOO 
380.. 22.4 | 24 33.8 | 13.39 | 0.68 | 4,2 AB | SORe 
3904... 22.6 | 23 38.4 | 14.66 | 0.62 EY ASSu cel sOco 
392... 25.21 93 At 5 || 73.02 |! 0.72" || 3,2 
393. 23.5 | 24 30.3 | 14.82 | 0.75 | 5,3. | 

3h42™ 

304.. B40F 7) 23 O29) 2387 Tas | ast 4590 0.0 
300.. PS AS AD. Si) TR.9E | OFS || 3.3 460 o.1 
308.. 20.01 BA Ad.Gi | 73.68.) Fars) ss 461 o.1 
400. 27.5 | 23 14.6 | 11.18 | 0.2 =e 462 0.3 
401. ee NE oe EE CR [er St 463. °.7 
4ora.. 28.r | 23 46.8 | 15.08 | 1.46 | 3,3 464 0.7 
403... 28.4.1] 24 2T.0.] Tr.40 | 0.78 || 2.3 465 0.8 
4044. 28.5 4 23 35.3.1 .54.83, |. 0.85. 553 466 14 
4054....| 28.7 | 24 16.6 | 15.28 | 0.49 | 4,1 467 ARS 
400.. 2023 41 24. 37.0.] TScoO-) 1.30. | 5:4. 468 rs 
407.. 29.4 | 24 11.9 | 13.82 | 0.48 | 3,2 469 1.6 
408... 29-8 | 23 10.2 | 13.43 | 1.24 | 3,2 470 1.8 
400.. 30.4 | 23 13.0 | 15.02 | r.22 | 3,3 471 2. 
4Il. 31.2 | 24 14.8 | 12.30 | 1.70 | 4,3 473 27 
415....] 33-5 | 23 38.6 | 13.89 | 0.96 | 4,3 475 4.6 
BIO ns S400) 24 F4.9 |-34.50. | 6.60 | --452 476 st 
417..+.| 34.2 | 24 46.2 | 14.32 | 0.76 | 4,4 477 5.6 
417¢4.. 34-5, 24 0.2 1 BS.62 | 0:06.| 2,3 478 6.0 
AES col Gk Uist 2A 20 Lelie ais iaa's|| orowre.cts I,I 479 7.0 
419.. SACS RATT) TACO | OLS. | 4,2 481 8.1 
420.. 35-6 | 24 22.5 | 13.92 | 0.906 | 4,3 482 8.4 
421.. 36.2 | 23 30.4 | 14.14 | 0.28 | 4,3 483 9.4 
422.. 30-4) | 24 1r-6 |} 13.80 | 2.27.)| 4,3 484 9.5 
423....| 37-0 | 23 22.2 | 13.66 | 0.49 | 3,3 485 9-5 
424.. 37-9 | 24 13.6 | 12.00 | 1.66 | 4,3 487 II.0 
425.. 38.7 | 23 54.3 | 13.57 | 1.07 | 5.4 488 ZI .2 
420.. 40.9 | 22 58.5 | 13.56 | 0.57 | 4,2 489 15.2 
428.. ALO | 2440.4. |) 13.33 || 0.77 | 353 400% «+ of 12.E 
4282, 42.7 | 23 9.5 | 14.42 | 1.10 | 3,3 4900....| 14.2 
429.. 43.1 | 24 46.5 | 13.58 | 0.900} 4,3 4OE «ax «) 24-5 
430.. AG oE als (3eSuh 1E.2 7.) 10x30 Il! 554. 492 16.1 
43t5. 43.2 | 24 22.6 | 12.98 | 0.40 | 4,3 404 18.6 
432. 43.4 | 23 4.69] 11.85 | x.06 | 4,3 405 18.6 
433... 43.0 | 23 50.4 | 12.53 | 0.83 | 4,4 406 19.2 
434.. 44.1 | 23 49.7 | 12.58 | 0.86 | 4,4 407 I9.5 
4355.0 45.0 | 23 39.8 | 14.31 | I.02 | 4,3 498....] 19.7 
430.. 46.0 | 23 58.3 | 12.63 | 0.66 | 5,5 498¢....| 19.9 
Aafia BOSal-eAr2t. 7) LA.<50) | 0533: Ih 452 409.. 20.8 
438.3 46.5 | 22 48.2 | 12.88 | 0.22 | 3,2 500 20a0 
440.. 46.9 | 24 22.3 | 13.38 | 0.17 | 4,3 501 S023 
441.. 52.8 | 24 22.2 | 24.15 | 0.32 | 4,3 502 27.6 
A442... §2:9.) 24 18.7 | 13.60:| 0.36-}° 4,3 503 21.8 
443... 53-2 | 24 33.4 | 14.68 | 0.57 | 3,2 504 22.5 
444..- 52.4 | 22) §4.0 | 12.64 | 0.28 | 3,2 505 23.6 
Gist S827 | 24 3-4.) 12.470) Dror | «455 507 aay 
446.. BE. 5 1\ 23 60: | 25.48: 0.04 || 45g 508 26.2 
447.. 55-5 | 24 27.8] 14.20] 0.59] 5,3 509 276k 
448... SOs 23 Soe On| erelace: sisal (atereesssre 3,2 510 27.4 
449.. 56.7 | 24 47.7 | 13.45 | 0.39 | 3,2 511 28.0 
450.. 56.9 | 24 16.0 | 14.30 | 0.60 | 4,3 512 29.1 


wOKNH OURO® OFOKD 


NaRO oe ORRHS 


HORROR KHOU 


b®KROO &YO ON 


Oban 


ii 
Pg. CI No. of 
Mag. “> | Plates 
13.85 | 0.50 | 3,2 
13.80 | 0.78 | 2,2 
13.96 | 0.42 | 4,5 
TET 7 ecOLels ang) 
14.26 | 0.40 | 3,2 
13.34 | 0.74 | 4,3 
T3722 105) |) ey 
Ror erehieene +44 
15.96 | 0.23 | 2,3 
14.25 | 0.40 | 4,5 
14.13 | 0.25 | 3,4 
TI.56 |0.57-| 953 
13.43 | 0.37 | 3.4 
13 .«89) 0.07 | Aco 
13.90 | 0.22 | 4,2 
14.51 | 0.93 3,2 
12.76 | 0.28 | 4.4 
PEG Science 2, 
13.85 | 0.46 | 3,3 
13.04 | 1.05 | 3,4 
13.96 | 0.73 | 3,2 
14.31 | 0.42 | 4,4 
12.40 | D. 2A 252 
13.51 | 1.53 | 5,5 
£2.94, | 0.26) || 253) 
14.60 | 0.36 | 4,2 
11.28 |—0.12| 3,2 
14.90 | 0.52 | 3,2 
ig iobpa: | meee |) ZV 
12.67 | 0.59 | 6,5 
Ir.04 | 0.88 | 1,2 
14.54 | 0.21 | 6,5 
43528111 0.36) | ase 
2.56} 0.24.1 20 
FAN 21s One Sal Sao) 
13.05 | 0-45 | 353 
14.53 | 0-57 | 2,4 
12.9090 | 0.31 | 3,2 
13.75 | 2.88 | 2,2 
12.42 | 0.40 | 2,1 
II.22 | 0.04 | 3,2 
12.94 | 0.909 253 
13.30) | 0-53. | 353. 
IA, 12) || O.03; | “255 
14.48 | 0.57 | 2,3 
LE.05) | 0249 || 2,2 
Setassue (ated stekovetee qa 
FES72 | 0.12 553 
13-54 | 0.50 | 5,4 
13.85 | 0.40 | 3,2 
13,05) DagG: || 335) 
13.43 | 0.25 | 3,5 
13.05 || 2.53" |) 352 
TL.O40|;Or52: |) o52 
13.30 | 0.23 2,3 
13.00.) 0-55.) 255 
EY ISA} 0.52 || 355 
13.87 | 0.79 | 4-5 
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8 HARLOW SHAPLEY AND MYRTLE L. RICHMOND 
TABLE II—Continued 
Trump- | R.A. Decl Pg. CI No. of || Trump- | R.A. Decl. Pg. CI No. of 
ler No. | 1900 1900 Mag “+ | Plates|| ler No. | 1900 1900 Mag ‘ Plates 
3h42m A 3h43™ 

BECK 2082 | 24 0.0 | 12.34 | 0.11 353 S77 die racer 24°44'9 | 14.42 | 0.58 4,3 
514. BOATS V AAAI waimioce ls oil ibis toler an ars 570.,.0..| 0.9 | 238 20-6 1613-09, | O.305l 24 
Ric. 29.5 | 23 19.7 | 11.96 | 0.25 | 2,3 577, 1.7 | 23 57-6 | 14.35 | 0.85 | 4,5 
516. 31.7 | 23 47.0 | 13.84 | 0.54 | 5,5 578. 3.1 | 23 34.7 | 13.78 | F330 | 4,3 
517. 32.1 | 24 33.9 | 13-58 | 0.61 | 3,2 570. 3-3 | 24 24.4 | 13.74 | 1.05 | 2,1 
519 Z207 ' BA 723 ' 1B.24 1) O.5E) 454 580. 3.6 | 22 53.7 | 12.40 | 0.76 | 4,2 
520 33.0. | 2250.6 | 13.50 || ©.70 || 2,% 581. 4.0°|-23°30.0)|) 54.63 1) bE) ss 
521 32 \\5)i| 23) GOA) 131-92 | Ons7. Il x252 5814 B15 23 Ayano le h5ea2 i feo) \metnw 
522 33-8 | 23 58.0 | 12.39 | 0.04 | 3,3 582. 5.8 | 24 18.1 | 14.44 | 0.33 | 4,3 
523. 34.8 | 24 21.0 | 13.18 | 0.22 | 3,2 583. 6.3 |) 234452: || ¥3-83 40-00) 13 
524. 35.6 | 24 45.5 | 11.24 |] 0.10 | 3,2 584. 7.3 | 22-56.8 | 12.46 | 0.58 | 4,2 
525 35-7 | 23 18.5 | 13.04 | 0.00 | 2,3 585. 8.5 | 24 5.4 | 14.39 | 0.84 | 1,3 
526. 40.671, 23. 36.2 | 13-42 E204 |. 252 586. O.E | 232.7 | 53.44 | 6-56 1 23 
527. 37.2 | 23 46.3 | 14.25 | ©.97..| 3,5 58640 9.8 | 23 43.9 | 14.49 | 0.00 | 1,1 
529. Bo.Oulp2a) SA4ud | T4204 On 52) G52 587. O28: SHiTOFS, ||\) craiccbetetleteterstels Br 
530 BZOUA NDS iy OU paral erie ara 533 588. 9.9 | 23 28.5 | 13.03 | 0.70 | 1,1 
531. 30.4) | 25030.7 | 12.96>)" Disa) 2.4 580. 10.0 | 2320.8 | 13.80 | O.07 | 253 
532 30.0 | 23 54.7 | 13.12 |—9.031 333 590. TOV2 ie 24 2058 tigre sohatatel | pascal Brie 
533 - 30.6 | 24 28.4 | 14.47 | 0.90 | 4,3 591. Io.5 | 23 39.6 | 13.83 | 0.53 | 4,3 
534. 41.4 | 24 22.5 | 11.06 | 0.08 | 3,2 5902. 16.9 | 23:42.2 |. 13.67 1 t.00 [353 
535 42.7 | 24 8.8 | 12.34 | 0.45 | 4,4 592) If.2 | 24 1.0 | 14240: | 0.05) 4|| 552 
530. A2.47"|\ 23 TAT4) | 12.50" | 0.13 W253 §92¢ LE.50 | 24, L50) | 15232 "0578: ease 
537. 42.8 | 24 27.9 | 13.66 | 0.40 | 4,3 593. ¥2).0~1''23 30.4 | 14247. |) O.aSh a4 
538. AS20231 On7 cl F3s40n|hOnOS nn ark 505. E52 DARE Sects Alc oce eons 5x 
530. AS cA 24637 cA LAcE2 OAS. ||) S52 596. 13 1 5ic|) 244005 Omiaratetereiel| teeter ar 
540. 43.4 | 2328.2 | 13.18 | 2.30 | 3,5 4) So7. 13.5 | 23 33.7 | 32:68 | 6.50 | 2,2 
541. 44.8 | 22 50.5 | 32.54 | 0.27 | 2: 508. 13.7 | 23 10.2)534.14. | ©.44)) 254 
542. 45.2 | 24 2.4 | 12.26.) ©.900 | 353 600. F300 |} 2257.7 || FA.68 | O.55 A eke 
543. 45.2 | 23 28.4 | 13.76 | 0.50 | 3,5 601 4..F || 23 1823) Iv. £3) 0-275 os 
544. 45.6 | 24 10.5 | 13.96 | 0.18 | 3,2 603. 14.5 | 23 55.8 |) 12.50% 0.57 | 253 
545. 45.9 | 23 31.6 |. 14.27 | 0.37 ||) 2,2 604. T5023) E34 Le Slee esol er 
546. 46.0 | 24 0.9 | 14.08 | 0.07 3.3 605. E5.2 | 23 4824 cl) F4.33. | Beek ee 
547. 46.8 | 24 23.7 | 14.15 | 0.33 | 3,2 606. T5.4} 24. 2020 hos calles on 
548.. 47.7 | 23 34.8 | 13.40 | 0.26 | 2,2 608. 15.922 57.0 Neer OON eee 2,- 
540. 48.6. | 24 1.2 | 13.20 | 0.36 | 3,3 609 . 16.5 | 23 8.8 "14.44 | 0.60) |) 1-2 
550 48.7 | 22 52.9 | 14.24 | 1.0%} 2,1 610. 16.8 | 24 Io. 13.20 | 0.60] 1 
552. 49.1 | 23) 50.4 1 14.18 | 0.46!) 353 612. ER ok) 2S ee fase 0.28 =e 
553+ AOn45(024:29.4 | F4. 82 || OVSOl) 354 6124. ES.2 |. 24) (22 Nrse5E WOsGS7alpies 
554. 49.5 | 23 20.0 | 14.28 | 0.94 | 2,3 6134. 20.2 || 23-45..7 | F483) Beoe Lt 
555. 49.6 | 22 53.2 | 14.23 | 0.30 | 3,2 614. 2024 (24) 1675") 525.39, 110150 nos 
556. 50.0 | 24 14.2 | 14.35 | 0.49 | 3,2 6144. 21.1 | 23 50.2 | 14.90 | o 

Ty hes 50.3 | 23) ¥.0°) 14556. 1.2 21 615. 21.9 | 23 56.8 ieioe ee ae 
558. 50-4 |23)13.n | tn.227 | n.03 41! 2.2 616. 22.0 | 24 28.2 | 13.47 | 0.89 23 
559: 5035 24 43.0 | 12.84 | 0.34 | 4,3 617. 23.3 | 24 43.4 | 13.88 | 0.35 22 
560. 50. QA TONOU |i renatietelsetres ats 618. 23-3. | 2343.2 | 2.87 | Ones 4c 
561. 51.0 | 24 25.1 | 14.40 | 0.50 | 3,2 6190 2Gr An e2saSinSul cA cOLMO) 

wR 5r.6)| 23957-0 | 1r275)| 0,50) 255 620 23.5 | 22 59.0 aes ree ae 
563 . 527) 2374022) Int sn54. 7) 0.70 Nl hass 621 23.5 | 24 38.1 | 14.92 | 0.24 2,2 
pre B27 Naser nOal Dano4ele Oneouiixks2 6214 23071" 23 SOS SmI NG KOA han ee 2 
565. 53-0 | 24 28.1 | 14.37 | 0.63 | 2,1 623. 24.2) 2355753 55200) (SETA) Tes 
566. 53.2 | 24 44.2 | 14.88 | r.00 | 4,3 624 26.0 | 2 

5 : , ; 4 33.8 | 13.08 ; 

567. 54.2 | 23 59.0 | 13.86 | 0.44 3.5 625; 20.4 | 24 38.6 ar Bs G 
sé * 55-5 | 24 28.0 | 14.65 | 0.75 | 2,1 626. 26.7 | 24 37.9 | £1.54 || 0.88 2.2 
569. ora 24 2403 Paes Woo atae 35 627. 27.0 | 2A 250 P SOL allows Lr 
569 Oye 23 34.2 | 15.50 | 0.01 13 628. 27.6 | 23 32.0 | 12.07 | r.02 | 2,1 
570 58.1 | 23 50.0 | 12.14 |] 0.52 | 3,4 630. 28.7 | 23 10.2 

571. 58.3 | 23 27.6 | 12.86 | 0.00 12 632 28.0 oe 20.3 seo as Be 
572 58.3 | 23 31.6 | 12.98 | 0.4r | 3,3 633 20.4 | 23 30.2 | 12.76 1.22 2.1 
5724. 58.7 | 23 29.1 | 15.02 | 0.66 | 1,2 634. 30.4 | 22 50.8 | 14.16 0.61 | 21 
yen 59-4 | 23 59.0] 12.55 | 1.19 | 2,2 635. 3On7 24 80.2 Nersn2ano. 7s, 23 

272 


COLORS AND MAGNITUDES IN STELLAR CLUSTERS 9 
TABLE IIl—Continued 
Trump- | R.A. Decl. Pg. font No. of |} Trump- | R.A. Decl. Pg. CI No. of 
ler No. | 1900 1900 Mag. “* | Plates!) ler No. | 1900 1900 Mag : Plates 
3h43™ y 3h44m 
636.,...| 3184 | 22°48%4 | 13.3 0.584 2,1 7OI 486 | 23° 617 | 14.00 | 0.94 | 2,3 
637 <...| 32.4 | 2255.4 | 14.27] 0.83 | 2,1 702 5.2 ||) 24) 23.0) 43) 00) 90,07 eae 
638....] 32.6 | 24 10.0 | 13.89 | 0.47 | 1,2 703. 6.0 | 24 22.0 | 12.41 | 0.46 | 1,r 
6390....| 32.6 | 24 4.7 | 14.04 | 0.42 | 2,2 704. 6.2.| 24 19.2 | 13-47. | 0.63, | x, 
640....| 32.6 | 23 24.4 | 12.13 | 0.74 | 13,2 705. 8.8 | 23 54.6 | 11.98 | 0.48 | 2,2 
O41 ....) 32.7 | 23 34.7 | 13.82.| 2.09 | 2,1 706. 10.0 | 23 59.6 | 14.42 | 0.55 | 2,3 
642....| 32.7 | 23 57.8 | 13.90 | 0.43 | 2,2 707. TO.E || 23 42.8 |)23.50)) 1.03 || an 
O43. oes] 3553.) 24, to.4 |) Ta.AT,| 0.39: | x52 708 . TE.T, | 23 Ask | EAs sO alk s0ul ease 
644....} 33.6 | 24 29.0 | 14.24 | 0.69 | 3,3 709 12.6 | 23 §0.4 | 14.33 | 0.85 | 2,2 
GAS ce 3460-4) 24 25.0 | 5305371" O.83. || 2,5 710 12.80) 23° 55.4. | 12. 4002.29 333 
646. SSR BA TOA TEAS A kos Eee qII 13.3 | 24 36.3 | 13.90 | 0.67 | 4,3 
647. 35-9 | 22 58.4 | 13.69 | 0.69 | 2,1 712 TAZ) 240 D307 4! Tassos ba ere 
648. BO? 1 4.30.4 || E387 oust | Xt 713. 14.4. | 23°50.5, | 24.46 || 1.50) || 353 
640. 36.8 | 23 290.4 | 11.47 | 0.90 | 2,1 714. 34:7 .| 24.99.41) 10,52) | G.04, | 22 
650 36.8 | 23 43.5 | 13.68 | 0.62 | 2,1 715 14.7 1. 24° 0-011, 18.785) 0135: xan 
6504. 360.9 | 24 3.6 | 14.66 | 0.05 | 2,2 716. 55.0: | 22. 54.2 |) 14.03 |] O:$2' 1 452 
652... 38.2 | 23 46.4 | 13.74 | 0.53 | 4,3 717 15.1 | 24 29.2 | 13.90 | 0.50 | 2,5 
053:.'. 30.6 | 24 35.3 |. 54.58 | 2238) 2,2 718. 160) 1123030.0)| 137/751 Or4Ea le ara 
654.. 38.7 | 24 11.9 | 13.75 | 0.23 | 1,1 719 16.6 | 24 30.1 | 14.14 | 0.52 | 2,2 
ee 38.8 | 24 44.6 | 14.64 | 0.48 | 2,2 720 17.2 | 23 34.8 | 13.03 | 0.48 | 4,2 
656. 38°60 | 23 57.2. | 13.50 | 0.36 || 2;2 722 18.0 | 23 34.8 | 13.69 | 0.21 | 4,2 
657. 39.0 | 23 59.4 | 12.52 | 0.98 | 2,3 923). £8.09) | 23 32.0 |) 14.28: |) 10256 | 253) 
6574 40.5 |) 23)27.2 | 15:06 | O.54 | 2:2 725. 19.9 | 24 46.7 | 14.40 | 0.22 | 5,2 
658. 40.6 [23.6.8 | 53-8r |O.15'-|' 132 726. 22.8 | 24 10.2 | 12.92 | 0.35 | 2,% 
650 41.0 | 23 10.8 | 13.60 | 0.54 | 1,1 727 22.9 | 24 9.8] 11.74 | 0.86 | 2,2 
660.. 4E<2 } 24 22.6: | 13.89 | 0.73. | 25% 728. 23.4 | 24 0.2 | 14.54 | 0.48 | 3,3 
661... 43,0 | 23 69:3 1 £3139] 5.54.) 2,2 729 23.4 | 23 36.1 | 14.48 | 0.58 | 4,2 
662. 42.3 | 23 $9.0 | 33.88 | 0.76 | 2,1 730). 23.5 | 23 34.6 | 13.42 | 0.24.) 4,2 
663. AScO Ni eae 706 | XS. 74 | oces ||| 353 730. 23.5 | 23 38.9 | 36.02 | 3.40] 452 
664. 43-8 | 24 6.6 | 12.62} 0.65 | 3,2 732. 23.6 | 24 17.8 | 14.44 | 0.34 | 1,2 
665.. 43.8 | 23 43.9 | 11.96 | 1.32 | 2,2 TG 23.7 | 23 30.2 | 14.08 | 0.48 | 3,2 
666... 44.0 1-23) 8:04 I4.19 10.33 | Z5t 734. 24.8 | 23 55.0 | 14.22 | 1.00] 3,3 
667.. 44.2 | 22 590.1 | 12.02 | 0.63°] 2,2 735.0% 25.2 | 22 50.6 | 14.24 | 0.56 | 4,2 
668....| 44.4 | 24 9.5 | 13.04°| 0.83 | 3,3 736... 26.6 | 23.52.6 | 14.47 | 0.72 ) 3,3 
669....| 44.6 | 23 22.6 | 14.26 | 0.89 | 1,2 7304. 27.0 | 23. 3.8 | 14.86 | 0.39 | 2,5 
672. 47.9 | 24 2.6] 12.96 | 0.88 | 2,2 Wes 27.1 | 23 34.2 | 14.46 | 0.22 | 4,2 
673. 48.1 | 24 13.3 | 14.00 | 0.29 | 1,1 738. 27.9 | 24 27.4 | 13.70 | 1.14] 1,1 
674. 48.6 | 2258.0 | 12.28 | 0.18 | 2,1 730. 28.8 | 23 52.9 | 14.66 | 0.55 | 2,3 
675. 48.6 | 23 56.4 | 12.1% | 1.04 |, 2,3 740. 29.1 | 23 0.4 | 13.85 | 0.80] 4,2 
676. 49.2 | 24 41.4 | 13.94 | 1.08 ] 2.2 741 20.1 | 24 21.2 | 14.47 | 1.12 | 2,2 
677. AGS: 123) 20.5, | T2070. 0.35 ||) 253 742... ZOOM LESS, Wvicmrercc| sores 2] 
6,3, 50.0 | 23 26.4 | 12.93 | 0.67 | 3,3 FAS. 2002 | 24 2.0) | £2,070) 2.24) s,3 
679. 50.7 | 23 40.6 | 13.88 | 0.40 | 4,2 T44.. 20.5 | 24 12.8 | 10.58) 10:75. 2,2 
680. Az? 23 24.0: || £2230 0157) ||) 252 AS... 30.0 | 23 10.5 | 1L.58' | 0.38 | 2,8 
68x. $4.4 | 24°%2.2 | 13.05 | 0.41 | 155 740. 31.8 | 23 35.2 | 13.98 | 0.36 | 4,2 
682. 54.6 | 23 50.8 | 13.44 | 0.390 | 2,2 747. 32.2 | 24 32.0] 12.54 | 0.40 | 4,2 
683. 5555) | 2345.4 | 14-08 | 0-50 || 252 748. 2531123 AGuo) | EGeOd lecmuence By 
684. 56.6 | 23 43.4 | 13.16 | 0.56] 2,1 740. 33-5 | 24 12.3 | 11.34 | 0.27 | 2,2 
685. 57.0 | 24 2.2 | 13.23 | 0.69 | 2,2 750. Ban 7 24,135 eek aeke nee 1,2 
687. Sy fecal ee TB | Nk oe el Co ea I,t 752. 35-1 | 24 33.9 | 14.20 | 0.4 552 
8. 24 17.0 | 13.20 | 0.24 | 1,2 
or Facies 358 BAESOO He PAs Opis is sceiee Is. ViGKID 35.0 «| 23 52.6 | 23.72: 10.40} 2,2 
755 - 35.8, | 24 36.1 | 11.76 | 0.49 | 4,4 
457s 36.1 | 23 57.0 | 13-56 | 0.27 | 2,3 
758. 36.3 | 24 2.6 | 10.92 | 0.40 | I,r 
759. 36.3 | 23 0.2 | 14.30 | 0.86 | 3,2 
3h44™ 
692.. 0.4 | 23 38.7 | 14.04 | 0.88 | 2,1 760. 36.4 | 24 12.3 | 13.96 | 1.00 | 2,1 
606.. Tc ANee i SAO! liesieleletesaifiaierayeisre +5 761 37.9 | 22 57.1 |} 13.84 | 0.54 | 3,t 
608. . 2.7| 24 3.3 | 12.66 | 0.36] 2,2 762. 30.3 | 23 58.0 | 14.08 | 0.63 | 2,3 
699. . 3.7 | 23 30.6 | 13.80 |] 0.37 | 2,2 763. 30.3 | 23 20.2 | 14.75 | 0.50 | 2,1 
7OO.. B28 1-23 53,0 || £4.08 | 0.57 | 1,2 764. 30-9 | 24 14.4 | 14.04 | 0.31 | 2,1 
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TABLE Il—Continued 


Trump-| R.A. Decl. Pg. font No. of |} Trump- | R.A. Decl. Pg. CI No. of 
ler No. | 1900 1900 Mag. Plates || ler No. | 1900 Ig00 Mag. Plates 


3h44™ 345™ 
765....| 4080 | 24°37/1 | 15.01 | 0.89 | 4,2 $27....| 1584 | 23°28 | 13,37 oO. sam) tat 
FOO. cave ACLS 2S Ikeda Teese) Tis | vase 820)... is] 1526 || 24 F3.0'}) 125540) One sail ore 
767....| 40.8 | 23 39.4 | 14.60 | 0.95 | 3,1 830..2.| 272.|| 22 50.0) F4.270 1) O40 ese 
7683... 5) 4022)] 2250-4) | 23.54"). 0.37 | Sst Bar Ll 27S 23) ESN PIS FAO ea 5 al eae 
BOO PAL AUIN23) SGeSul herder eOraii| = i2ek 833 20.2 | 23 .3%.«5) | ‘33.27 | O164) | 2a,n 
WHO. vivid| ALCON 2556465 1 TSe32) |Ons2.1 Sak 834 20.3 | 24 17.2 | 13.4% | 0.38 | 1,1 
ee 42.2 | 22 55 aoe 0.55 | 3,1 835 21.5 | 23 oe 14.44 o:56 EAL 
SRT 2 hl ASeo | 23167 LOLOS Hits wctes bi 350 22 23 22. E427 A aes II 
yh sae 44.1 | 24 17.0 | 14.16 | 0.83 21 836 2253) 1) 244.8 0 2b. AG es 
ree eho 44.6 | 24 43.0 | 12.34 | I.00 | 4,2 837 22.3 | 24 32.0 | 14.48 | 0.90 | 3,2 
Ue é see 23 15.5 | 14.26 O-4t 2,2 ai 25.0 | 24 33.6 ree ne 3,2 
SB 46. 23 2.1 | 14.21 | 0. 2,1 39 25.0 | 24 32.0 | 14.80 | o. »2 
Gi Giese 46.0 | 23 0.4] 12.18 | 1.22 3, 840 25.3 | 24 13.4 | 14.19 | 0.83 re 
Fy tee 46.8 | 23 33.2 | 14.52 | 0.96 | 3,1 841 25.7 | 24 21.8 | 13.45 | 0.49 | 2,2 
780... AS os [022 50.4) 33.77" 0r63 0) 452 842 25.90 | 24 33.5 | 14.10 | 0.66 | 3,2 
781.. 48.6 23 4.8 | 14.10 | 1.02 | 3,2 
7O2,.. 50.0 124. 8.2) | 1327 | 0.30 | 252 843. . 27.1 | 23 23.6 | 13.60} 0.30 || 3,2 
yi 50.3 | 24 93.014, ¥a.22 | 0°40. | 2,8 844.. 27.1 | 23 47.2 | 14.38 | £.02| 3,2 
7830. ROA 23 F201} F520) OLS Ve 845.. 27.2 | 24 46.5 | 11.69 | 0.49 | 352 
784. SEO 24.) 9.6.1 29.42.) 2.06) 29 846.. 28.3 | 23 28.9 | 14-33 | 1.13 | 2,3 
847.. 28.5 | 23 39.4 | 13-14 | 0.98 | 2,1 
78s. Set 24 16.8 | 13.41 | 0.34 | 1,1 
700.. SI. 23 33-1 | 13.20 | 0.24 | 2,1 849 29.%) | 24. 25:0) | 24522" | O.40) 1 eae 
787. 53.6 24 24.3 | 14.03 | r.12 | 1,1 |} 850 29.5 | 24 15.7 | 12.23 | 0.45 | x2 
ve ys wy Rote 0.35 | 2,2 851 29.6) 244.5) |' 14.54) 0-43 )] oyu 
. 4. 3 25-4 | 13.40 | 0.32 | 2,2 $53 30.3 | 24 42.8 | 13.96 | 0.50 | 2,1 
roe varoiliag ais [lee eauotsa lina: 54 BO 5*'| 2S EE R422 leaves ts 
792. 55-7 | 24 29.1 | 14.34 | 0.53 | 4,3 
794. 57), 23° 2-350 EA44 f OL68-1 PF Ae ae 5 =. 53 14s38 oF 21k 
795. 57-6 | 23 53.7 | 12.20 | 0.58 | 1,1 |! go7 |. eee bes ee a ar Das 
796.. 57-7 | 23 31-9 | 12.20 | 0.73 | 2,1 850... 32.0 Pe — 5 76s 3 “A A 
we . . > 
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THE VACUUM-SPARK SPECTRA OF THE METALS 
By EDNA CARTER 
ABSTRACT 


_ Vacuum-spark spectrograms of Ca, Mg, Cd, Ti and Fe were obtained with compar- 
ison arc and spark pectra, on portrait films, using for the most part a 20-cm concave 
grating spectrograph. The Fe spectrum was also photographed with a dyed film from 
4000 to N6600 A. The new spectra show no striking new characteristics. In the 
case of Ca and also of Mg (see Plate IX), the vacuum-spark spectrum is practically 
identical with the spark spectrum in air; in the case of Cd (see Plate X), the arc lines 
are somewhat more intense; with Ti this tendency to strengthen the arc lines is even 
greater, and the vacuum-spark spectrum of Fe is more like the arc spectrum than the 
spark. In general these spectra resemble the luminescence spectra produced by 
cathode-ray bombardment in a high vacuum, and it is probable that the conditions of 
emission are very similar in the two sources. 


I. INTRODUCTION 


The production of a brilliant spark between electrodes very 
close together in a high vacuum was observed by Rowland* and 
also by Wood.? The nature of the discharge was studied by 
Loving. He concludes in regard to the spectrum produced that 
it is characteristic of the anode, the cathode having no effect, 
and that it is not analogous to either the spark or the arc. The 
spectra which he obtained were not sufficiently intense for an 
exact determination of their character. 

Millikan* developed independently a method of producing this 
discharge; and, by using it as a source in a vacuum spectrograph, 
succeeded with his co-workers in extending the spectra of various 
elements into the extreme ultra-violet. 

It was of interest to see whether a careful study of this source 
would disclose any peculiarities of metallic spectra in the usual 
photographic region. A comparison of the vacuum-spark spectra 
with the arc and the spark spectra of typical metals was therefore 
undertaken. 

t Rowland, Physical Papers, p. 574. 2 Physical Review, 5, 1, 1897. 

3 Astrophysical Journal, 22, 285, 1905. 

4Ibid., 52, 47, 286, 1920; 53, 150, 1921; Physical Review, 12, 168, 1918; Scvence, 
19, 138, I9I9Q. 
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2. EXPERIMENTAL METHOD 


The vacuum sparks were produced in a glass bulb about 12 cm 
in diameter provided with a quartz window, which in the case of 
the more easily vaporized metals was removed to a distance of 
30 cm on account of the sputtering. The iron electrodes consisted 
of cylinders about one cm long and one cm in diameter, tapering 
to blunt points. These cylinders were screwed on the ends of 
aluminum rods, which projected to the outside through side tubes 
and were sealed in with sealing wax. The iron electrode was 
retained as cathode throughout the experiments, while anodes of 
the other metals were made by wedging a piece of the metal into 
a hole in the end of the aluminum rod. The distance between the 
electrodes was about 1. 5 mm in the case of iron, but it amounted 
to 3 or 4mm with some of the other metals, which were largely 
vaporized during the exposure. 

Evacuation was effected with a Langmuir diffusion pump, the 
mercury vapor being kept away from the discharge by a trap 
immersed in solid CO, and ether. 

The discharge was produced with a large induction coil used 
with an electrolytic interrupter. A current of from 15 to 20 amperes 
was passed through the primary. To secure the necessary capacity 
across the secondary, four parallel plate condensers, consisting of 
copper plates about 56 by 61 cm separated by 5-mm glass plates, 
were connected in series. The whole was immersed in oil to 
prevent leakage. 

About eight hours were required to obtain a spectrogram of 
iron, because of the tendency of the discharge to pass over into an 
ordinary gas discharge, with the liberation of gas from the elec- 
trodes, and because it was necessary to keep the sealing wax joints 
cool. The total duration of the spark discharge was estimated 
at about thirty-five minutes for iron and not.more than ten minutes 
in the case of cadmium. ‘The iron required a much higher potential 
gradient between the electrodes for the production of the spark 
than the other metals. 

A spectrograph with concave grating of 20-cm radius and ordi- 
nary portrait films were used in obtaining most of the spectrograms. 
The iron spectrum was photographed in the region 4000-6600 A 
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VACUUM-SPARK SPECTRA 3 


by using an aesculin filter and films sensitized with a Wallace 
three-dye solution. Fairly rich spectra of iron and titanium 
were obtained also with a one-meter concave grating spectro- 
graph. 

The vacuum-spark spegtra of magnesium and cadmium with 
comparison arc and spark spectra are reproduced in Plates LX and X. 


3. DISCUSSION OF RESULTS 

The vacuum-spark spectra of calcium and magnesium are prac- 
tically identical with the spark spectra in air. 

The cadmium vacuum-spark spectrum retains arc lines in 
somewhat greater relative intensity than they possess in the 
ordinary spark. The line \ 3261 is an example. This line came 
out also with marked intensity in the luminescence spectrum pro- 
duced by cathode-ray bombardment.' 

Titanium shows an even greater tendency to retain the arc 
lines. The spectrum is plainly an enhanced one, however, as is 
evidenced by the brightness of the lines \\ 4164 and 4172, for 
example, the ratios of whose intensities in the spark and the arc, 
as given by Exner and Haschek, are 20:2 and 15:1, respectively. 

The vacuum-spark spectrum of iron, on the other hand, seems 
to resemble more closely the arc spectrum. The low-temperature 
lines found in the arc are missing, and the lines which are stronger 
at the poles and in the core of the arc are relatively more intense 
in this source. Even in this spectrum a close examination reveals 
the presence of the enhanced lines, such as AA 4508, 4515, 5018, and 
5316. Ha comes out very strongly and sharply in the photographs 
of the iron spectrum made in this region. 

The varying tendency exhibited by these different metals 
toward the production of enhanced lines suggests a resemblance 
of the vacuum-spark spectra to the luminescence spectra produced 
by cathode-ray bombardment in a high vacuum. It is probable 
that the conditions of emission are very similar in the two sources. 
The difficulties in the way of obtaining rich spectra are con- 
siderably less in the case of the vacuum-spark. 


MovuntT WILSON OBSERVATORY 
September 1921 


t Astrophysical Journal, 44, 303, 1916; 49, 224, 1910. 
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SYSTEMATIC CORRECTIONS TO SPECTROSCOPIC AND 
TRIGONOMETRIC PARALLAXES 


By GUSTAF STROMBERG 
ABSTRACT 


Systematic corrections to reduce spectroscopic and trigonometric parallaxes to absolute 
parallaxes—The fact that the systematic and accidental errors of spectroscopic 
parallaxes are proportional to the parallaxes themselves, while the errors in trigono- 
metric parallaxes are independent of the values of the parallaxes, makes it possible, 
theoretically at least, to determine from a comparison of the two systems the true 
systematic corrections for each system and even for each observer. The basis of 
grouping the stars must be independent of each system and therefore Kapteyn’s mean 
parallaxes, derived from apparent magnitudes and proper motions, were used. The 
factorial correction (x) for the spectroscopic parallaxes and the additive correction (s) 
for the trigonometric parallaxes, connected by the fundamental equation x7,=7,+s, 
were thus determined. For dwarfs « ranges from 0.97 to 1.07 for different spectral 
types; for giants the range is from 0.89 to 1.13, the extreme values being rather 
uncertain. The corresponding systematic correction to absolute magnitudes averages 
only about o.1 for dwarfs, but may be somewhat larger for the giants. For 
the separate observatories, McCormick, Allegheny, Yerkes, and Mount Wilson, the 
reductions from relative to absolute parallaxes come out, respectively, -+-o%0053, 
+0%0076, +0%0084 and—o’oor10 within about==0’002. These values agree well with 
those obtained by van Maanen and Miss Wolfe. Hence the list of 1646 spectroscopic 
parallaxes recently published from Mount Wilson probably gives the absolute paral- 
laxes without any appreciable systematic error. 


The large number of spectroscopic parallaxes now available 
enables us to determine fairly accurate values of the systematic 
corrections for both spectroscopic and trigonometric parallaxes. 
In the derivation of the reduction tables for converting line intensi- 
ties into absolute magnitudes used in the recent list of 1646 paral- 
laxes' no corrections were applied to the trigonometric parallaxes, 
but it was found that if the corrections deduced by van Maanen 
and Miss Wolfe? had been used, the effect due to these corrections 
would have been less than 0.1 magnitude. The method used by 
van Maanen and Miss Wolfe consisted in comparing the means of 
the trigonometric parallaxes found by different observers for groups 
of stars of nearly the same mean apparent magnitude and mean 
proper motion. Their corrections represent the deviations of the 


t Mt. Wilson Contr., No. 199; Astrophysical Journal, 53, 1, 1921. 
2 Mt. Wilson Contr., No. 189. 
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results by individual observers from the mean system defined by 
all the trigonometric parallaxes. Since the systematic errors of 
individual observers must compensate each other to a large extent 
in the mean system, the corrections of van Maanen and Miss Wolfe 
are presumably close approximations to the true systematic errors. 

Other determinations of systematic corrections of trigonometric 
parallaxes have been made by Flint’ and B. Boss,’ the former 
reducing his corrections to a system based upon the Yale parallaxes, 
the latter comparing the spectroscopic parallaxes published in 
Mt. Wilson Contribution, No. 142 (Astrophysical Journal, 46, 313, 
1917) with the different series of trigonometric parallaxes. 

The comparison of spectroscopic and trigonometric parallaxes 
enables us, theoretically at least, to determine the true systematic 
corrections for each observer and for the spectroscopic system as 
well. This depends upon the fact that the systematic and acci- 
dental errors of the spectroscopic parallaxes are proportional to the 
parallaxes themselves, while the errors in the trigonometric paral- 
laxes are independent of the size of the parallax. Hence, for 
any series of trigonometric parallaxes, when compared with the 
spectroscopic system, we have, as shown more in detail below, an 
equation of the form 

xT,=+S, 

from which the systematic correction s, and the correction factor x 
for the spectroscopic parallaxes, can be determined. ‘The success- 
ful use of the equation of course presupposes a considerable range 
in the values of the parallaxes compared. Another important 
advantage of the method is that any error in the assumed values of 
the mean parallax of the comparison stars used for the reduction 
of the relative trigonometric parallaxes to absolute values goes 
over into s and is determined as a part of the systematic correction. 
In principle, therefore, the comparison permits us to establish an 
absolute system of parallaxes. 

The principal object of this investigation being to determine sys- 
tematic corrections of the spectroscopic parallaxes as a whole, taking 
into account the possibility of constant corrections to the trigono- 


t Astronomical Journal, 29, 189 (No. 696), 1916. 
2 Tbid., 33, 17 (No. 771), 1920. 
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metric parallaxes, only the larger lists of trigonometric parallaxes, 
viz., those derived at the McCormick, Allegheny, Yerkes, Mount 
Wilson, Sproul, and Yale observatories, have been discussed. 
The following notatiofi has been used: 
M = Absolute magnitude as published in Mt. Wilson Contribution, 
No. 199. 
AM =Systematic correction to M to obtain the most probable 
absolute magnitude. 
T = Accidental error of M+AM. 
a = True parallax. 
7: =Spectroscopic parallax based on the absolute magnitude M. 
7) = Trigonometric parallax. 
s=Systematic correction to 7. 
e=Accidental error of 7.+s. 
We have then (cf. Mt. Wilson Contribution, No. 199, p. 4) 


g=I0°:2AMt+T) 7, = a7 +ste 


or OTT;=Totste (z) 
where c= to aae, T=10°:2Lf 


Expanding 7 in a power series, 


T=1I+ E+} F=A+E 
eee 


~ Mod (2) 
A=1+3F 
Thus 
cAmy—S—1,=e—Eon; (3) 


As the right-hand side of this equation must be assumed equal 
to zero, we cannot group the stars according to the size of z, or 7. 
If we group the stars according to values of 7, the quantity E could 
be assumed zero,t but € would show a continuous decrease from 
positive to negative values as 7, increases. The same holds for E 
if we group the stars according to 7,, and furthermore the weight 
of the unknown quantity o would be systematically affected by 
the accidental errors in z;. These circumstances correspond to 


« A bar above a symbol denotes throughout this paper an algebraic mean. 
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the difference in slope of the two regression lines in the correlation 
theory. A neutral basis of grouping according to the size of the 
parallaxes must therefore be used, i.e., one for which we can 
assume the errors in the parallaxes to be independent of the 
errors in the measured quantities M and 7. Such an indepen- 
dent basis of grouping is afforded by Kapteyn’s mean parallaxes, 
which are a function of apparent magnitude and proper motion. 
For each star the mean parallax was therefore computed from 
Kapteyn’s formula in Groningen Publication, No. 8, and groups of 
stars were then formed having mean parallaxes within certain 
limits. The mean spectroscopic and trigonometric parallax was 
then found for each group. Each of these groups then furnished 
an equation of condition. 

From equation (3) we find 

oAn,—sS—%)=é—oEm. 

For a neutral basis of grouping we have e=o and E=o. The 
second term on the right-hand side, however, is not quite zero, as 
E is to some extent dependent on 7, and thus Ez, is not exactly 
equal to E7z;,. 

To reduce the right-hand side of the equation of condition to 
zero, we multiply equation (1) by 


*=1—-E+}B=A-E 
and find 


Thus 


om,=A(mtste)—E(rotste). 


Gri-s—m=e( 1-4) Frets). 
For a neutral basis of grouping, we have, including terms of 


second order of £, 


i —E)—E(m,+s)=o. 


The equations of condition thus become 
| 0ty—-S—T)=0 
Weight = : : “San Ads (4) 
et+Er et+Er 
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where mao is the quantity by which the spectroscopic parallaxes 


must be multiplied in order to obtain the best agreement with 7)+s. 
N is the number of stars in the group. 

Assuming only that the quantities « and s are constant for a 
certain group of stars, we can determine them separately without 
introducing any limitation as to their size. The value of s found 
in this way is the systematic correction which reduces 7, to absolute 
parallax. 

We have assumed that the external accidental probable error 
in the trigonometric parallaxes determined at the McCormick, 
Allegheny; Yerkes, and Mount Wilson observatories is +o7or0. 
The probable errors of the spectroscopic parallaxes have been 
assumed to be £0.20 7;. The weights of the equations of condition 
are therefore proportional to N/(o.097-+0.000225) where for 7 
we have used 3(7:+7-), x being nearly equal to unity. 

The following provisional reductions to absolute parallaxes 
were applied before the computations were made: For McCormick, 
Allegheny, and Yerkes observatories, +0”%005; for Mount Wilson, 
+0’002; for Sproul and Yale the reductions were computed from 
the table given by Kapteyn in Groningen Publications, No. 24, 
page 15. The Sproul and Yale parallaxes were given half- 
weight. 

The value of x was determined separately for giant and dwarf 
stars of different spectral types. For the first solution the system- 
atic correction s was determined for each of the above-mentioned 
groups of trigonometric parallaxes. The results are given in 
Table I. The first column indicates the limits of spectral type, 
the second the division according to absolute magnitude. The 
probable errors for x and s are below the numbers to which they 
belong. The numbers of stars used are given in parentheses. 
The last line shows the weighted means of s for all types and abso- 
lute magnitudes. 

Using these mean systematic corrections to the trigonometric 
parallaxes and recomputing the correction factor of the spectro- 
scopic parallaxes, we find the values of « and AM,, given in Table II. 
The quantity AW, is the correction that must be applied to M in 
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TABLE II 


CoRRECTION FAcTorS FOR SPECTROSCOPIC PARALLAXES 


Spectrum a M x AM; 
AGRO BO se ak xen5 1.0to 5.5 I.059+.012 | +0.12+0.02 
GGOECONGO en ear $3.0 I.12t=.040 | +0.25+0.08 
fs05tO! GOgeaes see 205 0.999 .029 0.00+0.06 
KO "TOTRO sas siec S4.0 1.001 + .059 0.00+0.13 
KO 1tO KG: sms aie Aer 0.960+ .o19 —0.09+0.04 
POR LOLEOmmicr eu. So.o I.149+.103 +0.30+0.20 
Ma to. Md... <<. <3.0 0.892 .o81 —0.250.20 
Mato Md....... >7.0 1.089+.086 | +0.18+0.17 


order to obtain the most probable parallax and is determined by 
the equation 7 
AM:=5 log x=AM—s log A. 


Another solution was made, using all the spectral types, A6 to 
Md, and solving all the equations as a simultaneous set of condi- 
tions, assuming the correction s to be constant for each observer. 
The results of this solution are given in Table ITI. 


TABLE III 


SIMULTANEOUS SOLUTION FOR ALL TYPES 


5 s 
McCormick ...5 ....% —o’oo15+o0%o0018 || Mount Wilson..... —070038 +0" 0014 
Allegheny......... + ,00f0==' .oors) || Sproul: . 022.2... — .0085= .0025 
WEXKESS on. 5eens ==) .O0LO==) 0027 ||| Valeeiecc.os 2 omlee + .0004 .0021 
Spectrum M x AM: 
PX ORCOREL Penne Net avire Saiaie vlc aie seo DmONtOr Sis. I.015+.040 | +0.03+0.08 
(Ce Ak Sep SI rE ee eee S370 1.037.078 | +0.08+ .16 
(Cha che ee EO ete ees =r 0.969 + .033 —0.07 .07 
RO rises Cisne haere Bes cats S4.0 0.922.074 | —o.18= .17 
Te a OOO On eee oe tere 24.1 0.940+.029 | —o.14 .07 
1D cats Op OE OOo ee eOD re So.o 0.962.247 | —0.08+ .57 
WY D5 Lichen RIE uc EE <2.0 0.750.154 | —0.63+ .45 
TMs ie ee Soe Ae pe ere 70) 1.082.045 +0.17 .09 


From van Maanen’s investigation we know, however, that the 
Sproul and Yale parallaxes have a considerable magnitude correc- 
tion. Such an error would affect appreciably the determination 
of the factor x, and for this reason a final solution was made, 
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omitting the Sproul and Yale parallaxes. The results of this 
solution, which are given in Table IV, are probably the most 
trustworthy. They are in good agreement with those found by 
van Maanen and Miss Wolfe, which, reduced to the same system of 
corrections for reduction to absolute parallaxes as used here, are 
given in the last column of Table IV. 


TABLE IV 


SIMULTANEOUS SOLUTION (SPROUL AND YALE OMITTED) 


s s (van Maanen) 
McCormick sciemvnce see eee +0%0003 +0"0021 —o’o0016 
Alleghetty. acs ieesiesiancls sie + .0026+ .0017 + .0027 
CLK ES a tuisteie le vanorevarsnalstrtosers + .0034+ .0022 + .0036 
Mount Wilson............ — .0030+ .co14 — .0020 

Spectrum M x AM; 

IAGtOUR Eire sels 1.0'tO1.525 I.O41 = .045 +0.09+0.09 
CAS aera S3.0 I.135+.092 | +0.27= .18 
Gieeiahic stents = Bar 0.987.037 | —0.03= .08 
re eames S4.0 I.012+ .086 +0.03+ .18 
Keiieudssreroenete es = 4nt 0.972 .034 —0.06+= .08 
t Ora ni ee ence c So.o I.090+.254 | +o0.19+ .52 
Miericlente arte trate <370 0.888 .167 —0.26= .41 
IME orate a eee >7.0 I.068+ .052 +o.14 .11 


Using the systematic corrections resulting from this final 
solution, we find the following reductions from relative to absolute 
parallax. 


McCormick +070053+ 070021 Yerkes +070084 + 0170022 
Allegheny -+0%00760/0017 Mount Wilson —o070010+0”0014 


The systematic corrections to the absolute magnitudes are in 
general very small except in the case of the giant G and M stars 
and the very brightest F stars, most of which are Cepheids or 
pseudo-Cepheids. For these stars, however, the probable errors 
are rather large on account of the smallness of the parallaxes. In 
the previous derivation of the reduction tables for the determination 
of absolute magnitudes it was found that in the case of the giant G 
stars the results from trigonometric parallaxes and parallactic 
motion differed considerably. The determination of the mean 
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absolute magnitudes based on parallactic motion would make 
these stars considerably brighter than the results from the trigo- 
nometric parallaxes indicate. A weighted mean was accordingly 
used. The discordance fs now nearly eliminated by the application 
of the systematic corrections to the trigonometric parallaxes. 
The same holds for the brightest F stars, for which originally the 
measured parallaxes were not used at all, the result from parallactic 
motion having much higher weight. For the giant M stars the 
original determination was based mainly on the peculiar motion, 
and the present results seem to indicate that for these stars as 
a whole the system is nearly correct. 

As the final result of this investigation, we may say that the 
system of spectroscopic parallaxes in Mt. Wilson Contribution, 
No. 199, as a whole, is correct within the errors of the quantities 
involved, and that there is no need at present to apply correc- 
tions to the system. The systematic corrections to the trigono- 
metric parallaxes determined at the McCormick, Allegheny, 
Yerkes, and Mount Wilson observatories have been found to 
agree satisfactorily with those of van Maanen and Miss Wolfe, 
and, as the method used here gives absolute corrections, it can 
be regarded as probable that after these corrections have been 
applied there remain no appreciable outstanding constant errors in 
the resulting absolute parallaxes. 


Mount WILSON OBSERVATORY 
September 1921 
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THE ORBITS OF THE SPECTROSCOPIC BINARIES 
1 HYDRAE AND 75 CANCRI 


By R. F. SANFORD 
ABSTRACT 


Orbits of the spectroscopic binaries, Boss 2227 =1 Hydrae and Boss 2447=75 Cancri. 
—These stars are of classes Fr and G2 and of visual magnitudes 5.7 and 6.0, respec- 
tively. Twenty-seven spectrograms of each give for the periods, 1.563 and 109.46 
days; for e, 0.05 and 0.206; for K, 30.3 and 20.2 km/ sec.; and for y, +71.3 and 
+12.3 km/sec., respectively. Attention is called to the large y for Boss 2227, and 
to the fact that Boss 2447 is a dwarf star. Radial velocity-curves are shown. 


A previous paper‘ discusses the orbits of seven spectroscopic 
binaries; the present note gives the orbits of two additional binaries. 
The general remarks which precede the discussions of individual 
stars in the first paper are equally applicable here and need not 
be repeated. 

The data in Table I, except for the last column which gives 
the number of revolutions of the star in its orbit between the first 
and last observations, are taken from the list of spectroscopic 


TABLE I 


Vis. 
i Spectral No. 
Name Mag. | 7 (1900) | 8 (1900) |"'Chass ne bcd Asp Rey. 
hrom6 |— 3°26’| Fr |+3.6 | 01216] 07038] 340 


Boss 2227-1 Hydrae 8 
9 2.9 |+27 3 G2 |+4.1 | 0.404] 0.042] 59 


5 
Boss 2447-75 Cancri | 6. 


parallaxes of 1646 stars.? Figures 1 and 2 show the radial velocity- 
curves. In the following pages the derivation of the orbits of 
these two spectroscopic binaries is discussed. 


BOSS 2227 


Measures of the first two spectrograms of this star by Professor 
H. C. Wilson showed that its radial velocity is variable. Accord- 
ingly observations were started immediately for the determination 

1 Mt. Wilson Contr., No. 201; Astrophysical Journal, 53, 201, 1921. 

2 Mi. Wilson Contr., No. 199; Astrophysical Journal, 53, 13, 1921. 
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of the elements of its orbit. Twenty-seven suitable spectrograms 
are listed in Table II. The derivation of the correct period pre- 
sented some difficulty at first because of its shortness. Finally, 


km/sec. 


—0.2 0.0 0.2 0.4 0.6 0.8 aXe) r.2 1.4 days 


° +2 +4 +6 +8 +10 +32 +14 +16 -+--18 -P20days 


Fic. 2.—Radial velocity-curve-for Boss 2447 


all observations were gathered into one period in a satisfactory 
manner when P=1.562975 days was used. Since approximately 
340 revolutions of the star in its orbit occurred between the first 
and last observations it seemed needless to endeavor to correct 
the period, and therefore the value given above has been taken as 
final. 


292 


ORBITS OF 1 HYDRAE AND 75 CANCRI 3 


With preliminary elements derived by Russell’s method, an 
ephemeris was computed and the residuals (O-C) derived. The 
spectrum is of Class F1, with only one set of lines which at best 
yields a velocity of only fafr precision and which varies so in quality 


TABLE II 


OBSERVATIONS OF Boss 2227 


Plate No. Date G.M.T. Phase Weight Velocity O-C 
km/sec. km/sec. 

PES OOO were. t919 Nov. 12 0b 43™ | of062 0.75 + baie rine 
OLOO reels 1920 Apr. 4 TS WeLs, 0.870 On75 + 92.6] — 1.8 
QOOO Sass Oct. 26 ° 19 0.501 I.00 + 54.6] — 2.7 
QOS7s ashe 29 O 24 0.380 0.75 + 42.4 | — 3.90 

Comey Rie ac. Sa Nov. 1 © 40 0.262 0.75 + 41.8 | + 1.3 
AP MCOROR nics 60% 2 O'i3 1.246 I.co | + 90.6] — 1.2 
OF 233s os 6 20 o 36 0.506 Oekfey || SP Bee) |} — Bad 
Ore Eee DON mesnss I.479 0.75 + 60.3 | — 3.6 
QPS Owe. acc 21 22 47 0.867 I.00 + 92.8} — 1.4 
OFAT cies s 23 I 06 ©.401 0.50 + 53-7 | + 5.8 

Co br Renae 24 I 28 I.416 I.00 + 70.9 | — 0.8 
VE eQOOO) i ie.6'</ Dec. 22 20055 0.614 I,00 + 72.1 | + 2.4 
QSOs. ee vs 1921 Feb. 15 16 47 0.653 0.50 | + 84.0] + 9.9 
QSO yin een a7 Lie OE I.031 Ons + 99.9| — 0.7 
OOSA ect - 2 18 20 0.466 0.75 + 54.1] + 0.4 

OIE OT es nie 2 22 18 29 1.473 r.00 | + 63.5 | — 1.2 
VP O940%: oes 23 18 32 0.910 1.00 | + 98.0 | + 14.2 
OOS7oe sos: 25 19 46 I.400 On7 5 + 74.2 | — 0.2 
Q005 <6 1-1. = Mar. 16 I4 50 I.439 I.00 + 74.4] + 5.2 
GO00-n 3 .+- 16 18 52 0.045 I.00 + 48.0 | —-0.9 
EGOO3 ore. fs. = 17 I4 42 0.871 I.00 -+- 92.5 || = 1.6 
TOOE Dees es 19 I5 42 1.349 0.75 + 80.6 | — 0.2 
TOOAOn + 045 24 I5 19 0.0905 I.00 + 46.9 | + 1.8 
OOO Beeed cre < Apr. 17 | 16 25 0.682 Cys) |) SP Yifes |) SP Gee 
TOOOO:,.0 > + 18 17 03 0.143 0.50-| + 33-9 | — 8-0 
TOELA CT eas 25 17 40 ©.920 I.00 +104.4 |] + 7.0 
EOL SOs alee « 28 17 04 0.768 0.75 + 75.0 | —II.0 


from plate to plate that it has seemed advisable to assign weights 
to the measures of different plates. The best have been given 
weight unity and the rest weight 0.75 to 0.50, according to the 
inherent quality of the lines, or their quality as affected by photo- 
graphic density, focus, etc., or a combination of these circumstances. 
The twenty-seven observations were converted into seventeen 
normal places, assigned proper weights and then used to correct 
the preliminary elements by the method of least squares. With 
the elements thus corrected the quantity 2v’ is about 75 per cent 
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of its value when derived with the preliminary elements. ‘The 
residuals obtained by substitution of the unknowns in the equa- 
tions of condition agree satisfactorily with the residuals from an 
ephemeris based on the final elements. In Table III are to be 
found preliminary elements, corrections, final elements, and their 
probable errors. The probable error of a single observation of 
velocity of weight unity is + 2.64 km/sec. The absolute magni- 
tude (+3.6) is very nearly that of Class F stars of greatest frequency 
and is therefore typical. 


TABLE III 
Preliminary Elements Corrections Final Elements 
erie, in tar Lk Gy Meenas ates Ce Reee 1.562975 days 
é 0.08 —0.029 ©.05I= .035 
a) IIQ° +4°%92 123.92 +=34°4 
K 30.5 km/sec. —o.22 km/sec. 30.28 += 1.38 km/sec. 
DL |.D. 2422650.073 +o4009 2422650.082 of132 
ny He +71.7 km/sec. —o.40 km/sec. +71.3 km/sec. 
Gisingyes Wiss Ue Ty ail irataearcatctetape oats tenes 650000 km 
ms sins 4 
(atme so at) oy cee 0.0045 © 
BOSS 2447 


This was announced as a spectroscopic binary in a list pub- 
lished by Adams and Joy." The single set of lines appearing on its 
spectrograms, which show that its class is G2 and its absolute 
magnitude +4.1, is quite satisfactory for measurement on properly 
exposed plates. Table IV gives the data for the twenty-eight 
plates which have been obtained. With P=19.4589 days all 
observations arranged themselves satisfactorily within a single 
period and furnished the basis for the preliminary elements. Since 
the observations extend over an interval of approximately sixty 
revolutions of the star in its orbit, this period was taken as definitive. 
By the method of least squares the other five elements were cor- 
rected, equal weights being given to all of the twenty-seven plates 
which were used. Plate yy 6662, whose residual stood out as the 
only large one, was arbitrarily rejected from the least-squares 
solution, and Plate y 9997 was obtained after the elements were 

* Publications of the Astronomical Society of the Pacific, 31, 41, 1919. 
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derived. Data for both plates are given in Table IV, however. 
The quantity 2pv? derived from the elements, corrected as indi- 
cated by the solution given above, is 18 per cent less than for the 
preliminary elements, and substitution of the unknowns into the 
equations of condition gave residuals comparable with those 


TABLE IV 


OBSERVATIONS OF Boss 2447 


Plate No. Date G.M.T. Phase Velocity O-C 
km/sec. km/sec. 

aeRO = caver <i ¢ 1917 Nov. 27 obor™ 9021 +21.6 + 1.5 
GEGEN creat creis's 1918 Jan. 22 22e51 7.598 +29.1 + 3.8 
GOOR cs eta. es 30 22: 10 15.574 + 4.3 +11.8 
G7OGss. 6. cae Feb. 28 20 43 5.589 +29.0 — 1.4 
WOOA Mercere. < May 1 16 59 9.057 +20.2 + 0.3 
OOo sats cielo 30 16 43 18.589 — 2.8 —©).3 
COSRAOs Se eis. c% 0's 1920 Apr. 3 I5 02 II.456 +11.4 Sie thats, 
2950s Sas aC OREN 4 18 43 12.609 + 4.2 = Cris 
St Are 5 I7 00 13.537 = 26 — 1.8 

4) ROS Se 6 toe 6 wily a2 14.469 = Ee ieee? 
GER0 te as seis s 7 I7 04 I5.540 — 2.5 + 4.0 
GEVOC saa sees May 6 I5 39 5.563 +31.7 + 1.2 
Die Teg Sie 7 DRAG 6.560 +30.4 —-' 220 
CS 2 er oF ot Aiea 7 I5 35 6.560 +29.3 + 0.9 
Fg A ea June 4 16 16 15.130 — 6.7 — 0.5 
OZOO I rere winiace 6 15 58 17.017 —I10.1 — 1.2 
Cy fhe BE Vice 7 I5 56 18.016 — 5.4 + 0.6 
SOOT arse erate ete Oct. 26 © 52 2.813 +24.0 — BO 
GOGSi os me Bn aie 20 TOs 5.821 +27.3 — 2.7 
OVO se artes « Nov. 26 I 05 14.367 — 5.5 — 2.1 
OTT A A Nal aces 25 (o) 3 15.359 — 8.6 — 1.8 
OSUOS Nate as 1921 Jan. 28 20 14 0.326 + 8.2 —> (0)nit 
QSOO nee ere. erei0r 29 22 21 I.414 +17.9 — 0.8 
OSSO aie cia. 30 22°33 2.422 +29.8 + 3.9 
9927 Feb. 20 16 36 3.716 +31.4 + 0.8 
QO SS othe oes 21 20 56 4.806 +34-5 + 3.3 
GES OO Sarai nase 22 7, 10 5-739 +24.4 — 5.7 
VEGOOO at fiero = 26 21 46 9-930 +11.9 = Hof! 
GOOF ote ato: Mar. 16 17 06 8.277 +19.2 — 3.7 


* Not used in least-squares solution. 
+ Poor plate. 
t This plate obtained after elements were derived. 


derived from an ephemeris calculated with the corrected elements, 
which are therefore adopted as final. The preliminary elements, 
corrections, final elements, and probable errors are given in 
Table V. The probable error of a single observation of velocity 
of weight unity is 1.74 km/sec. The barred circle in Figure 2 
represents the velocity from Plate y 9997. 
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TABLE V 

Preliminary Elements Corrections Final Elements 
ye A rata, FASEB Y Cen am ne cal WR ee Ree nats ohio 19.4589 days 
e ©. 200 + .006 0.206 .002 
w 248°5 +4°00 252.5 ==7°70 
K 20.5 km/sec.| —o.29 km/sec. 20.21 0.49 km/sec. 
T J.D. 2422426.555 +o4079 2422426.634+09384 
¥ +12.49 km/sec.| —o.16 km/sec. +12.3 km/sec. 
Ob SIC pete tid on fel? ee ae ae 5295900 km 
m3 sin3 7 
(m--m,) " RR ERIEL AR CRN rs ls perc 0.0157 © 


Mount WILSON OBSERVATORY 
Qctober 1921 
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THE WAVE-LENGTH IN ASTRONOMICAL 
INTERFEROMETER MEASUREMENTS 


By J. A. ANDERSON 
ABSTRACT 


Effective wave-length in measurements with astronomical interferometer—The 
separation of double stars and the diameters of stellar disks are measured by the 
interferometer in terms of an effective wave-length \ which is such that if the stellar 
object emitted monochromatic light of wave-length ) the setting of the interferometer 
would be that actually found. The accuracy of setting obtainable in these measure- 
ments is such that in each case \ should be known to a few tenths of 1 per cent. For 
any star, the normal effective wave-length may be computed from the effective tem- 
perature corresponding toi ts spectral type, by combining the Planck radiation law 
with the mean transmission curve for the atmosphere and with the A.LS. visibility- 
curve for the normal eye. The corrections required for variations of atmospheric 
absorption and of eye sensitivity from the assumed values may best be obtained 
experimentally by observations on sunlight, since in any case the correction is equal 
to the difference between the observed and computed effective wave-lengths for sun- 
light under the same conditions. The method and apparatus used in the determination 
of the effective wave-length for sunlight are described, and the results of some observa- 
tions on the variation of \ with zenith distance and atmospheric conditions are given, 
On Mount Wilson the values found vary from 5660 A at sunrise and sunset to 5510 A 
for zenith distances up to 60°; at Pasadena the variation with zenith angle was more 
rapid. The wave-length was greater on cloudy days and least after a rain. 

Astronomical interferometer-—The distribution of intensity in the interference pat- 
terns, for both circular and rectangular apertures, is fully discussed, and in the 
particular case of a double star is given mathematically for all points of the focal 
plane, for all orientations of the apertures. The effect of the size of the apertures on 
the setting is nil when rotation is used and also when the setting is made for minimum 
visibility of the fringes; but when the apertures are separated until minimum intensity 
at the center is obtained, it is found both theoretically and experimentally that for 
apertures of width a and separation D, the effective separation is very closely equal 
to D/{[1+K (a/D)?| for D/a greater than 3.5, where K is 0.223 instead of 0.765 as 
given by Hamy. 


The interferometer as used in astronomical measurements 
consists of two apertures alike in shape and size, placed either in 
front of the objective or in the converging beam a short distance 
in front of the focal plane. The idea of using a telescope in this 
manner appears to have originated with Fizeau,* and the first 
actual trials were made by Stephan.? Michelson: carried both the 
theory and applications of the method considerably farther than 
his predecessors; he gave an analytical treatment for the case of 
a pair of narrow slits, and applied it to the determination of the 

t Comptes Rendus, 66, 934, 1868. 2 [bid., 78, 1008, 1874. 

3 Philosophical Magazine, 30, 1, 1890. 
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diameter of Jupiter’s satellites. Hamy* treated the case of narrow 
slits, and also that of rectangular apertures whose width cannot be 
neglected in comparison to their separation, and applied his results 
to a measurement of the diameter of Jupiter’s satellites and of 
some of the brighter asteroids. Comstock? used the method for 
a determination of the effective wave-length of star light. The 
work of the past two years is so recent that references to it need 
not be given here in detail. 

The purpose of the present paper is to call attention to the 
necessity of knowing quite accurately the effective wave-length 
of the source which is studied; to describe and illustrate a method 
for determining this quantity quickly and accurately; and to 
discuss in some detail the effect of using apertures of different 
shapes and sizes. 

Consider first the determination of the diameter of a star, 
assumed to appear as a uniformly luminous circular disk. If the 
apertures are narrow in comparison with their separation, the 


angular diameter is given by 
ae baeen 


B=—y (1) 


where G6 is the angular diameter, D the distance between the centers 
of the apertures corresponding to the first vanishing of the inter- 
ference fringes as the distance is increased, and \ the wave-length 
of light. The two quantities which determine 8 are X and D. 
Experience indicates that the probable error in the determination 
of D under good conditions is of the order of 1 per cent; and accord- 
ingly if the uncertainty of the true value of \ exceeds a few tenths 
of 1 per cent, the probable error of 8 will be larger than that of D. 

Again, consider a double star whose angular separation is to 
be measured. This is given by 


“ 


a= (2) 
where a is the angular separation, the other quantities being the 
same asin(r). In this case, under good conditions, the uncertainty 
in the value of D is considerably less than 1 per cent. 

t Bulletin Astronomique, 16, 257, 1899. 
? Astrophysical Journal, 5, 26, 1897. 
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Other cases might be given, but always the quantity to be 
measured will be expressed in the form KX, where K is deter- 
mined by the actual observation, while \ in general must be found 
by some other means, ‘and since } is always a simple multiplier, 
it is necessary or at least desirable to know its value with a probable 
error considerably smaller than that involved in K. 

At present all observations with the interferometer are made 
visually, and hence the value of will fall somewhere near the 
middle of the visibility curve of the eye, at least for sources emitting 
white light; or, we may say that \ will have a value lying some- 
where within the range 5400 A to 6000 A. It follows from what has 
just been said that, if possible, \ should be known for a given 
source within ro A to 20 A. 

Definition of the effective visual wave-length.—a) Let an artificial 
double star be illuminated with the white light whose effective 
visual wave-length is required; let this double star be viewed with 
an interferometer, and the latter adjusted so that the interference 
fringes just disappear according to equation (2). Leaving the 
interferometer unchanged we now illuminate the double star with 
the monochromatic light whose known wave-length can be varied 
at will. The value of \ which just makes the fringes disappear is 
defined as the effective visual wave-length of the white source in 
question. 

b) Analytically* the definition may be given as follows: Take 
rectangular co-ordinates in the focal plane with the origin on the 
axis of the telescope. Let the geometrical images of the compo- 
nents of a double star fall at (+c,0) and(—c,0). Let the apertures 
be narrow slits separated by a distance D, and the focal length of 
the objective be F. 

If I(\)dd be the visual effect of the radiation of the source 
lying between the limits \ and \+d), the intensity along the 
x-axis is given by 


ns ,7D(“%—6) ,aD(x+c) 
yi -{1 (n)ar| cos Oe aa (3) 


t This statement was first suggested to the writer in a letter from Dr. C. M. 
Sparrow. 
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When D is very small, J has a maximum at «=o. As D increases, 
J diminishes for «=o, reaching a value of zero when D is some- 
where near F),/2c where X, is an arbitrary value of \ near the 
middle of the range for which J(A) has an appreciable value. 
Both for D small and for D having a value near Fd,/2c, J oscillates 
as x is varied; but for a value of D in the neighborhood of P),/4¢, 
these oscillations become very small, and in particular at x=o, 
J(x) will have a stationary value for some particular value of D. 
The condition for this is 
somo} for x=o (4) 

Solving (4) we have D=F){/4c, where Xz is the effective visual 
wave-length required. 

For a source such as a given star, J(X) is defined as follows: 
Let E(A) represent the energy-curve of the star, as determined 
outside our atmosphere; let 7(A) be the transmission-curve of the 
atmosphere at the time and place of the observation; and let V(A) 
be the visibility-curve of the eye of the observer; then 


IT(\)=EQ)T(A)V (A). 


Some questions now naturally arise, among which the following 
are important enough to state: 

1. If in (a), instead of using an artificial double star, we use 
an artificial star disk, would the same value of \ be obtained ? 

2. If the components of a double star are of different spectral 
types, or, what amounts to the same thing, if the effective wave- 
length of the components is not the same, what wave-length is to 
be used in calculating the angular separation from the data given 
by an observation with the interferometer ? 

3. In case of a star disk darkened toward the limb, if this dark- 
ening is accompanied by a color change, what value of } is to be 
used ? 

It is important to remember that when the observations are 
made visually, different observers will not in general find the same 
effective wave-length for a given source. In (b) above this is 
provided for by the factor V(A), which may differ slightly for differ- 
ent observers. In (a) it is automatically provided for by reason of 


300 


WAVE-LENGTHS IN INTERFEROMETER MEASURES 5 


the fact that the same observer is supposed to make both the adjust- 
ments. Again, since 7(A) enters as a factor in I(\), an observer 
will not obtain the same value of \ for a given source under differ- 
ent conditions of observations as to time and place. 

Only a beginning has thus far been made in the application of 
the interferometer to astronomical measurements, and it is too 
early to predict what its future may be; yet it will undoubtedly 
be valuable in certain restricted fields; for example, in the direct 
determination of star diameters and in the measurement of very 
close double stars of particular types. No doubt it will be applied 
successfully also in other fields. Now, as has already been pointed 
out, the result of any interferometer measure’ will be expressed in 
the form 

0=Kn (5) 
where K is given by the observation, and \ depends upon the object 
observed. If did not depend upon local conditions such as the 
observer, the time and place of the observation, and the instru- 
ments employed, the reduction would be a relatively simple matter; 
for this case the value of \ could be found, once and for all, for 
stars of all spectral types. It is clear, however, from what has 
already been said, that this may involve errors very much larger 
than the errors of observation. On the other hand, it will obviously 
be quite impracticable for each observer to determine independently 
the value of \ for every observation he makes. The following plan 
will, it is hoped, remove most of the difficulties. We will leave 
out of account objects such as the planetary nebulae, that is, objects 
having discontinuous spectra, for in such cases there is no difficultyin 
determining the value of \ with sufficient accuracy. Consider then 
only objects like the great majority of the stars, having continuous 
spectra, more or less similar to spectra of black bodies at various 
temperatures. The fact that no star radiates exactly like a black 
body is of little importance, because the black-body temperature will 
be used merely as an auxiliary in the general scheme. The black- 
body temperature of stars has been determined for all or nearly 
all the brighter stars, and these include nearly all of the spectral 
types that it will be necessary to consider. 


t The position-angle of a double star is an exception. 
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Using Planck’s law, the mean transmission-curve of the atmos- 
phere, and the adopted A.J.S. visibility-curve of radiation, we 
may compute by equation (4) the value of \, for a few tempera- 
tures from 3000° to 20,000° absolute. A curve passed through the 
computed points will enable one to read off \, for any temperature 
within the range. The absolute value of the wave-lengths thus 
derived may not be correct, but this does not matter, for their 
relative values will be sensibly right. ‘To illustrate the use of such 
a curve n practice, suppose that an observer has made an inter- 
ferometer measure of a star of spectral type Fo; assume also that 
he has made a determination of the effective wave-length of sun- 
light by thesmethod given later in this paper. From tables giving 
the effective temperatures of stars of different spectral types, he 
reads off the temperature for an Fo star and for a star of the same 
spectral type as the sun. Let these temperatures be, respectively, 
T, and T,. From the curve the corresponding wave-lengths are 
dx, and A. If now the measured wave-length of sunlight is \,, the 
proper wave-length for the Fo star will be 


r =NotAr—Az (6) 


Of course, as the determination of \, is necessarily made in 
daytime while the observation of the star is made at night, it is 
probable that the atmospheric conditions will have changed in the 
interval. But as different determinations of \, will soon show about 
what correction is required for variations in observing conditions, 
this difficulty is not very serious. 

Experimental determination of effective wave-length—In Figure 1 
let A be an artificial double star, consisting of two small pinholes 


2. : 
Fic. 1 


whose linear separation is 6, illuminated by white light such as 
sunlight. At B are two circular apertures separated by the dis- 
tance D, so mounted that they can be rotated about the axis of 
the telescope C. Observations are made through the compound 
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microscope M. The distance A to B will be denoted by L. The 
angular separation of the pinholes as viewed from B is 6/L. The 
value of D for the first disappearance of the interference fringes, 
if the line joining the pirfholes is parallel to that joining the apertures 
at B, is, by equation (2), 


or, if the two lines make an angle @ with each other, 


Sane Sed G) 
L 2Dcos@ 7 


All the quantities in the equation except \ are directly measur- 
able, and hence \ can be determined. 

In order to form some idea of the accuracy to be expected in 
this determination, we will now examine in detail the measurement 
of each of the quantities entering into equation (7). 

In the present experiments 6 was of the order of 0.6 mm. The 
two pinholes were made in tinfoil, as follows: A fine needle was 
selected and mounted in a mechanics’ pin-chuck. A small piece 
of tinfoil was smoothed out on a flat, smooth piece of soft metal 
such as brass or aluminum. A small round hole was made by - 
resting the needle point on the tinfoil, the needle and chuck 
being vertical, and then carefully turning the chuck a few times. 
By always taking care to have the pressure about the same, holes 
of very nearly the same diameter may be made, and if care is used 
in rotating the chuck and in lifting the needle after the operation, 
the holes will be quite perfectly round. The diameter of the pin- 
holes used was between 0.035 and o.o5omm. Under a microscope 
the distance between such a pair of openings can be determined 
with a probable error of abouto.c0oz2 mm. Since dis about o.6 mm, 
this corresponds to a probable error of the order of 1 in 3000. 
Before measurement the tinfoil is mounted on a metal plate through 
which a hole about 2 mm in diameter has been drilled, the apertures 
in the tinfoil being directly over this hole. 

Two sources of error are to be noted in using such an arrange- 
ment as an artificial double star: 
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1. The plane of the apertures will not in general be exactly 
perpendicular to the line of sight from the observing telescope, but 
will make an angle ¢ with this line. The apparent separation will 
then be not 6 but d sing. With ordinary care in mounting the 
tinfoil and adjusting the plate, ¢ should not differ from go° more 
than a degree, which would at most cause an error of 15 parts 
in 100,000, which is negligible. 

2. When an image of the sun is formed on the apertures, the 
tinfoil becomes heated somewhat, causing 6 to increase. The 
rise in temperature to be expected may be roughly estimated. 
The image-forming lens has an area of 16 cm’, and its focal length 
was 1 meter) so the diameter of the image was roughly 1cm. Of 
this »'; fell on the tinfoil, which is equal to the amount of sunlight 
falling on $$ cm?, or 1 calorie per minute. Assuming that the tin- 
foil reflects 80 per cent of this, we have } calorie per minute taken 
up by the tinfoil or 0.003 calorie per second. When equilibrium 
is established, the greater part of this energy passes by conduc- 
tion from the tinfoil to the brass plate, which is so large that 
its temperature never rose appreciably above room temperature. 
A temperature gradient of 3° per centimeter in the tinfoil would 
more than suffice to carry this amount of energy to the brass 
plate—and hence we may conclude that, within a very few de- 
grees, the tinfoil was always at room temperature, and that the 
error due to thermal expansion was less than 1 in 10,000, which 
is negligible. 

The value of D was usually between 6 and 7mm. The aper- 
tures were round holes made with a drill ina brass plate; they were 
always sensibly equal in diameter, and the determination of their 
distance apart could always be made with an error less than 1 part 
in 5000. Various diameters were used, from about 1mm up to 
2.5mm. The effect of using apertures of different sizes will be 
discussed more fully below. 

The value of ZL was about goo centimeters, and with a good 
steel tape this distance could always be measured to a millimeter. 

It follows that, as far as the quantities 6, D, and L are concerned, 
the sum of the errors made in their evaluation should never affect 
the result by as much as 1 part in 1000; and, since the wave- 
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length of the light used was near 5500 A, the uncertainty arising 
from the instrumental constants is not more than 5 A. 

It remains now to discuss the value of 0, which is the only quan- 
tity directly measured fn an actual experiment. In order to make 
the discussion of 6 intelligible it is necessary to describe and explain 
the appearance of the diffraction pattern and its system of inter- 
ference fringes in some detail. 

Consider the distribution of intensity in the focal plane, due to 
a single distant point source, when the objective is covered by a 
screen perforated by a single circular aperture of radius 7. Denote 
the focal length by F, and let the origin of rectangular co-ordinates 
coincide with the optical axis. The intensity is given by 


neleee 
I=K —— (8) 
ale aa »*) 2 
Fr 


where J, is a Bessel function of the first order. 

This well-known expression states that at =o, y=o, the inten- 
sity is a maximum and equal to K; as we move away from the 
origin, the intensity diminishes at first very slowly, then more 
rapidly, and reaches a value zero, when the argument of J, is equal 
to about 219°33’.. For larger values of the argument the in- 
tensity increases, reaching a second maximum whose value is 
0.0175 K near 292°, and a second zero value near 4or®, etc. This 
is, of course, simply the ordinary diffraction pattern of a circular 
aperture, or the so-called spurious star disk. In ordinary telescopic 
observations with relatively large apertures the entire disk and 
diffraction rings are apparently very small; but in interferometer 
work, on account of the small apertures and the very high magni- 
fication employed, the pattern may cover the larger part of the 
field of view. 

The appearance is independent of the location of the aperture, 
as long as this falls entirely within the objective. Hence we will 
assume that it is placed so that its center is at a distance D/2 from 
the axis. Now let an equal aperture be uncovered, at the same 
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distance from, but on the other side of, the axis. This second 
aperture alone would give exactly the same intensity as the first, 
namely that expressed by equation (8); but if we use both apertures 
together, the result will be the sum, not of the intensities as given 
by (8), but of the amplitudes formed by taking the square root of 
the right-hand side of (8), with proper attention to the relative 
phases of the two disturbances. 

Let the apertures be so placed that the line joining their centers 
is parallel to the x-axis; in this case the amplitudes and phases 
will be equal at x=1. At «=+F)/2D the phases will differ by 
180°, and since the amplitudes are equal, the resultant amplitude 
is zero. At «=+F)/D, the phases differ by 360°, that is, they 
are in phase, and the amplitude will be the sum of the two, 
and so on. 

It follows that the resultant intensity is now given by 


be amrV x2-+-42 
I=, == — €os* ae! (9) 
Ecaties x) 4 FR 
Fr 


I, being the intensity at the origin. 


Ol 30000) GOT ZO mers OM SON e 
sin? = 
Fic. 2.—Dotted curve; y = SAE (n=6) 
(:) 
sin? = 


Full curve: y = 
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Hence the general outline of the pattern is the same as that 
given by a single aperture; we still have the central disk surrounded 
by diffraction rings; but the effect of using two apertures is to 
break up the disk and“rings into a series of equally spaced inter- 
ference fringes parallel to the y-axis—that is, perpendicular to the 
line joining the apertures. Along a line parallel to the y-axis the 
distribution of relative intensity is exactly the same as that in the 
pattern given by a single aperture; parallel to the x-axis we have 
this intensity multiplied by the factor cos? rDx/F. 

Figure 2 gives a graphical representation of the intensity along 
the x-axis. The dotted curve is the intensity due to a single 
aperture, multiplied by the factor 4. 

If we retain the apertures, but use two point-sources separated 
by an angular distance a, there will be two such patterns, whose 
centers are separated by the distance 2c=Fa. If the centers fall 
at (—c, o) and (+c, 0), respectively, the expression for the inten- 
sity becomes 


anrV (x—c)?+ 2 
[oe nes 
eae. Fr 
Fr 
, picE OREESa) 
an : er ae aD(a-+c) (se) 
ee) Fx 
Fr 


If the line joining the apertures makes an angle 6 with the x-axis, 
then, letting m=tan 6, the expression for the intensity will be that 
given by equation (10), except that we write x+-my instead of x in 
the cosine factors. Figure 3 is a sketch showing the pattern for 
such a double point-source, the line joining the apertures making 
the angle @ with x-axis. The centers of the patterns are at P and 
P’ respectively; the pattern centered at P’ is shown in dotted 
lines. The straight lines represent the centers of the bright fringes, 
AA being the central fringe for P’, A’A’ that for P’. The angle 6 
has been so chosen that the fringes due to P’ are just mid- 
way between those due to P. If 6 is diminished, the similarly 
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lettered fringes will approach each other and the visibility will be 
increased; and similarly, if @ is increased, AA will approach B’B’, 
etc., and the visibility will again increase. The position repre- 
sented is that of minimum visibility. 

Remembering that the intensity in a pattern diminishes from 
the center outward, it is clear that at all points on the y-axis the 
intensity of one pattern is the same as that of the other, except 
for the changes due to the interference, and since the maxima in one 
pattern fall on the minima of the other, the result is very nearly 


Fic. 3.—Pattern for double star 


uniform intensity along this line. To the right of the y-axis the 
intensity of P’ is greater than that of P, and hence the maxima of 
the P’ pattern become more and more prominent as we go to the 
right. To the left of the y-axis the P pattern is stronger and hence 
its maxima become increasingly prominent in this direction. The 
observer will therefore see two sets of fringés meeting just out of 
step near and along the y-axis. (a) If @ is decreased a certain 
amount, so that the distance between AA and A’A’ becomes 
smaller than the adjacent intervals, the corresponding bright 
fringe will start at A’ on the right and run in a sensibly straight 
line to A on the left, crossing the y-axis exactly at the origin. 
(0) If 6 is increased, we shall have a dark fringe running from A on 
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the right in a nearly straight line to A’ on the left, also crossing the 
y-axis at the origin. The change in @ necessary to pass from 
condition (a) to condition (0) depends upon the number of fringes 
in the pattern as here represented, being the smaller, the larger the 
number of fringes. For a case such as that in Figure 3, with 6 
fringes across the central disk, the total required change in @ is 
about 5°. With 12 to 15 fringes it will be from 2° to 3°. It is 
evident, therefore, that a setting for the exact bisection can be 
made quite accurately—in general to a few tenths of a degree. 

We can now estimate the probable error in the determination 
of 6. In one rotation of the aperture plate there are four values 
of @ which give the appearance just described, and a “‘set of observa- 
tions” in the present experiments has consisted of five complete 
rotations. As a typical example we may take the measures made 
on Mount Wilson on June 18, 1921. Fourteen sets of observations 
were made of which only eleven were complete. The probable 
error of each set was calculated in the usual way, and the sum of 
these probable errors found to be 0°48, or an average of about 
02035 fora set. Taking 6=45°, the percentage error of cos@ is 
0.05 per cent or 1 part in 2000. 

Hence the experimental method should be capable of giving \ 
to at least 1 part in 1000, or to about 5 A. 

Effect of the size of the apertures——Hamy' derived a formula 
for the correction to be applied to observations made with apertures 
of finite width. The apertures were assumed to be rectangular, 
of width a and separation D; the source was assumed to be a 
uniformly luminous circular disk of angular diameter 8. The 
fringes will disappear near the center of the pattern when 


woke2e WN 


- +0.763(5)° aes 


No other cases were treated. It would seem reasonable to assume, 
however, that if the source is a double star of angular separation a, 
the corresponding formula would be 


nN a\2 
p=-*} 1+0.765(5) ath AO 


t Bulletin Astronomique, 16, 257, 1899. 
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since the correction must depend upon some property of the observ- 
ing instrument. For circular apertures, a further modification 
would no doubt be required, and we may reasonably assume that 
this would be the substitution of a’/1.22 for a where a’ is the diam- 
eter of the circular aperture. 

Observations were made on the artificial double star with 
circular apertures of various sizes, using the method of rotating 
aperture plate. These gave the same value of 6 for all sizes of 
apertures, well within the errors of observation, thus indicating 
that for this method of observing and with this kind of a source 
no correction whatever is required. This result was so surprising 
that it seemed worth while to make a theoretical examination of 
the problem, using a method somewhat different from that 
employed by Hamy. 

The method adopted, while being very simple, has the advantage 
of giving a clear physical picture of the phenomenon so that the 
need for a correction, if required, is made evident. 

Let us consider rectangular apertures having a width a, and a 
length 6b, and let their centers be separated by a distance D. When 
the line joining the apertures is parallel to the x-axis the intensity 
in the focal plane due to a distant point-source is 


sin? — sin? ay 
l=J, a cts cos? ne (11) 
max\2 (aby\2 Fr 


If a double point-source is used, the angular separation being a, 
we have, writing 2c=Fa 


sin? kes sin? — 
ler’ Fr Fr hes" aD(x—c) 
° wa(x—c\2 , rby\2 Fr 

( Fr (i) 

-,wa(xtc) . aby 

‘ pies PRO PR a lato) 
jperte 2 (mby\2 Fr (t2) 
Px ) (Fe 
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If circular apertures of radius 7 be employed, we have equation (10) 
instead of the foregoing. 

These expressions hold for monochromatic light of wave- 
length A, and hence by definition (a) they are also valid for white 
light of visual effective wave-length \. If we limit ourselves to 
the phenomena on the x-axis, which in no way restricts the 
generality of the treatment, we can place the factors involving y 
equal to 1 in equation (r1) and write x for V 2+? in equation (10). 
Writing D/a=n, equation (12) may be put in the form 


, ee peace 
sin sin 
T=! ey cos? (z—¢ Ge cos? (g+c’) (12a) 
n n 


in which c’=7Dc/F). 
When ~ is very large, the intensity near the center of the pattern 
is given very nearly, by 


IT =I} cos? (g—c’)-+cos? (2+c’)}. 


Re ; wT T 
The visibility will be zero when z—c’ ee, OL 20. =k 


applied to equation (12), we find that for a small in comparison 
to D, the fringes will vanish when 


amDc_ 
Pre 2 


whence 2c=F/2D, or, since 2¢/F=a, 
nN 
“2D 
which is the ordinary formula, equation (2). 
In order to form a clear idea of what happens when a is 
increased, let us refer to Figure 2, and for this purpose we will 
assume that the dotted curve represents 


sin? 
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instead of 


which really makes very little difference. 

With this understanding, we have then 2-loops of the inscribed 
curve in the central loop of the dotted curve. If is very large, 
or @ very small, the loops of the inscribed curve near the origin all 
have very nearly the same height, the dotted curve approaching 
a straight tine parallel to the x-axis, and the inscribed curve 
approaching a true cosine-square curve more and more closely as 
nm is increased. If, under these conditions, we superpose two 
patterns displaced in the x direction by one-quarter of a period, 
the maxima of one will fall upon the minima of the other, and the 
sum will be a constant, which leads directly to equation (2). 

When ~ is not large, the inscribed curve may be regarded as a 
distorted cosine-square curve, the distortion becoming more and 
more pronounced the more the dotted curve deviates from a 
straight line parallel to the axis. Since with white light the fringes 
are observable only near the center of the pattern, it follows that we 
need consider only the loops of the inscribed curve which are 
near the origin, and when z is small we have to confine our atten- 
tion to the central fringe only, or to the portion of Figure 2 between 
the points P and Q. Let the ordinate at x=o be taken as unity, 
and expressing x in degrees, we have for the undistorted curve 
(n=) the value 0.500 at +45° and the value o at 90°. For the 
distorted curve we have unity at «=o, and zero at go’, but a value 
less than 0.500 at 45°. Hence if we superpose two such curves, 
go° apart, there will be a minimum at 45°, or at the point midway 
between them, which will disappear only if their distance apart is 
made less than 90°. This makes it clear why equation (2) requires 
modification for small values of n, at least if we regard only the 
center of the pattern. It is necessary to remember, however, that 
when the minimum at 45° for the superposed curves disappears, 
the minimum at 135° has been made more prominent, and accord- 
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ingly the ‘‘correction” that we employ to remove the minimum 


at 45° is really somewhat too large. 

In order to calculate the angular displacement necessary to 
fill up the minimum at the center of the superposed curves, we 
need only equate the second derivative of (12) with respect to 
c, equate it to zero, and solve for c on the assumption that «=o. 
The factor in y is of course placed equal to unity. Table I gives 
the results of this calculation for a few values of n. 

Here we have written the formula applicable to double stars 
in the form 


pacer 
2a 


2 
where K according to Hamy is 0.765 G : 

Experimental verification of the resulis given in Table I.—In 
Table I we have applied Hamy’s formula to a case which was not 
considered in his investigation, namely that of double stars. The 
difference between our calculated values and those given by 


TABLE I 
K by Hi . KG ) 
n Gi K (Calculated) Sone Ratio K ca a 
or) 45°000 ° Ci eh fl ae tae ere ee 
Raa 44.9234 0.0017 ©.00577 3.395 
5375 44.6938 0.0068 0.02314 3-403 
4.60 44.5275 ©.0106 0.03615 2.4tL 
3-45 44.1721 0.0187 0.00427 3.437 


Hamy’s formula as here applied is so great that it seemed worth 
while to test both the case of double stars and that of a star disk 
experimentally, to see if there is really any difference between 
the two. 

The experimental arrangement was as follows: A screen having 
a horizontal slot 2 mm in width was placed in front of the objective 
of the observing telescope. A plate was arranged to slide in a 
vertical direction directly in front of and in contact with this 
screen. This plate had two parallel slots 5 mm apart, each tapering 
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from 4 mm in width at one end to 24 mm at the other end, the length 
being 55mm. This arrangement provided two nearly rectangular 
openings in front of the objective, at a constant distance apart; by 
sliding the plate up and down the width of each opening could be 
varied continuously from 4mm to 23 mm, or, what amounts to 
the same thing, 2 could be varied from »=2 to m=10 in a continu- 
ous manner. 

Observations were made both on an artificial double star, and 
on an artificial star disk. The disk was illuminated with approxi- 
mately monochromatic green light, in order to avoid the variations 
in color which are troublesome with white light, especially when 
the visibility of the fringes is low. 

The observations were made by finding the distance between 
the observing telescope and the source which gave the minimum 
visibility for ~=10, and also the distance at which the central 
minimum for 7=2 just vanished. Since the results were the same 
as far as the correction factor is concerned, whether a star disk 
or a double star was used, we will record only the observations 
made on the star disk: 


Wave-length of green light (mean) 5400 A. 

Diameter of artificial star disk (6) 0.650 mm. 

Distance between centers of rectangular apertures (D) =5.0 mm. 
Minimum visibility z= 10, at 492 cm 2 cm. 

Minimum in central fringe just disappears (1=2) at 478 cm+2 cm. 


Using L=D6/1.22 for the distance at which fringes should 
vanish with »=° and substituting, we get L=493.3.cm, which, 
considering the uncertainty in the value of \ used, is sufficiently near 
492 cm. 

From this we find an experimental value of K for n= 2, namely, 
492 493-3 
478 LE ONE “478° 
calculated value of L,,. The first gives K=0.0293, the second 
K =0.0320, while by Hamy’s formula, which is strictly applicable to 
this case, K should equal 0.19125. An extrapolation of the values 
in Table I to nm =2 gives a value of K slightly larger than 0.03, which 
is in good agreement with the observations. We must conclude 
that the formula given by Hamy is incorrect, and that if the 
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observations are made directly on the vanishing of the minimum 
in the central fringe, the values given in Table I are correct. It 
must be borne in mind, however, that if the observations are made 
simply on the minimum Visibility of the pattern as a whole, which 
on account of seeing, will generally be the case in astronomical 
work, the simple formulae (1) and (2) are to be used without any 
corrections. It has already been shown (see p. 13) that, with the 
method of rotating apertures, no correction to the simple formula 
is required. 

Determination of the effective wave-length of sunlight—We will 
first consider some general questions which bear directly on the 
problem. It may be assumed that the quality of sunlight outside 
of our atmosphere is constant or very nearly so. In passing 
through the atmosphere it is modified by selective absorption and 
scattering to an extent which depends both on the thickness of the 
air layer and upon its character, such as water-vapor content, 
smoke, haze, etc. Most of these factors will reduce the intensity 
of the short wave-lengths more than that of the red end of the 
spectrum. Water-vapor is, however, an exception. It is very 
transparent to the short wave-lengths, while absorption begins some- 
what below 6000 A and increases rapidly toward the red. Since 
its absorption lies almost entirely on the red side of the maximum 
of the sensitivity curve of the human eye, it appears that the 
effect of water-vapor by itself is to move the value of the effective 
wave-length toward the violet. Dust, smoke, haze, and increased 
thickness of the atmosphere due to large zenith distances might be 
expected to shift the wave-length to the red. A priori, then, a 
given observer would not expect to find a constant value for the 
wave-length. 

Apparatus—Figure 1 gives a schematic diagram of the appa- 
ratus, and Figure 4 is a drawing of the observing telescope and 
aperture plate. The lens C is a theodolite objective of 22 mm 
aperture and of about 20cm focus. The miscroscope consists of 
an 8-mm objective and a 7.5-power eyepiece, giving a linear 
magnification of about 125. The circle B is graduated in degrees 
and can be read easily to 0°1. It carries the aperture plate AA, 
and is rotated by a worm DW, so arranged that one revolution of 
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the worm gives a rotation of 10°. The whole instrument is mounted 
on a solid brass base plate, K, which is easily clamped to a table 
or other convenient support. The slot S was designed to hold a 
plane parallel quartz plate, cut at 45° to the optic axis. Viewed 
through this plate, a single distant pinhole appears as an artificial 
double star, whose angular separation depends only on the thick- 
ness of the quartz plate. A slight difficulty arises in the use of 
such a quartz plate, on account of the fact that one of the emergent 
beams of light is colored, due to the dispersion of the quartz. A 
great deal of time was spent in the calibration of the plate by the 
use of monochromatic light, and a few observations were made 


Fic. 4.—Laboratory apparatus 
a. Side view. b. End view 


using it in conjunction with the 100-inch Hooker telescope on some 
of the brighter stars, but the results were not entirely satisfactory. 
When the quartz plate is not used the slot S is covered by a suitable 
cap. In the determination of the wave-length of sunlight the 
source was always a pair of pinholes made and mounted as described 
above; the sunlight was reflected into the quartz projection lens 
L, Figure 1, by a two-mirror coelostat, the mirrors being freshly 
silvered and polished every two or three weeks. 

In Tables II and III are collected the observations which have 
been made with the apparatus shown in Figure 4. Table II gives 
the observations made on Mount Wilson, June 15 to June 18, while 
in Table III are collected all the miscellaneous observations made 
under all sorts of conditions of sky in Pasadena. The first two 
columns give the date and hour of the observation. Since each 
complete observation required about 10 minutes, the time given 
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refers to the middle of the observation. The third column gives 
the zenith distance of the sun to the nearest degree at the time. 
The fourth column gives the number of settings in each determina- 
tion, which was always 20, excepting for the first observation on 
Mount Wilson which was stopped by fog, and for the three early 
observations on June 18, when the available time did not permit a 
complete set. The only observations calling for special comment 
are those of April 5 and 6 in Pasadena. These were made immedi- 
ately after a rain, and the abnormally low value for the wave-length 
may be due to a relatively large amount of water-vapor; this, as 
mentioned above, would tend to displace the effective wave-length 


to the violet. 
TABLE II 


Mount WILSON OBSERVATIONS 


No. of 


Date Mean Time t Settings r Remarks 

jamess..---| 8:35 AM | 45° 16 (5546) | Incomplete. Fog blowing over. 
Image drifting badly. 

Me 10.5 ...4 5214 AM 85 20 5631 

June 16.....) 5:46AM.| 79 20 5574 

June 16.....)| 6:35 AM. | 69 20 5542 

une 160...) 7553 AM. | §3 20 (5535) | Fog coming over. Foggy 
remainder of day. 

une 272...) 6:32 A.M. | Go 20 5554 

ener yen.) 67 5S2AM..| 53 20 5515 : 

inea7oq-. 4) .o234-A.M. | 45 20 5519 | Faint haze. 

HONE Ao. - cM OsIS AM 35: 20 5510 

HUNSD 7. 2./.| TO:0OA.M..| 25 20 5520 

June 17.....} 10:49 A.M.| 17 20 5515 | Clouded over at 11:00 A.M. 

June 17.....| 4:50P.M. | 65 20 5540 | Clouds. Haze as high as 
mountain tops. Sky blue. 

Wien 7s... | 5222 P.Miq|- 7X 20 5579 | Clouds. Haze as high as 
mountain tops. Sky blue. 

une 7. | 0223 PM. | 82 20 5596 | Throughverythinclouds. Haze. 

Wane 17... | 6:37 P.M. | 86 20 5625 | Haze only. 

Janexs...<.} 4:58AM. | 87 8 5656 | Sky clear all day. 

June 18.....| 5:06AM. | 86 8 5629 | Sky clear all day. 

June 18.....] 5:07AM. | 85 8 5619 | Sky clear all day. 

UNE aS .32 5:17AM. | 83 20 5593 

june1s.....| 5:47 4.M. | 78 20 5561 

WumertS.....| 6:32 A.M. | 973 20 5546 

June 18.....| 6:44A.M. | 67 20 5528 

ane 83.2 s| 7543 A.M. | 55 20 5523 

June 18.....| 8:12AM. |] 48 20 5512 

iners.-...| Os10 A.M. | 37 20 5512 

June 18.....| To:TIr A.M. | 25 20 5515 

June 18.....| 10:56A.M. | 17 20 5513 

June 18.....| 11:20A.M.| 14 20 5510 

June 18.....| 11:58AM. | II 20 5509 


eee EEUU EE EI SEES IDISEIEIEEEEEES SEES 
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TABLE III 
PASADENA OBSERVATIONS 


Date Mean Time t au r Remarks 

March 27...| 10:11 AM. | 40 20 5537 

March 27...] 11:41 A.M. | 32 20 5521 

March 28...]| g:05AM.}] 48 20 5568 

March 28...) 9:57A.M.| 42 20 5531 

March 28...] 11:03 AM. | 34 20 5515 

March 28...} 2:03P.M. | 42 20 5555 

March 29...| 9:19 AM.| 48 20 5550 

March 29...} 9:50AM. | 42 20 5542 

March 29...} 10:29 AM. | 36 20 5522 

March 29...} 11:30 A.M. | 31 20 5525 ’ 

March 29.4] 1:10 P.M. | 36 20 5559 | Sky very thick. 

March 30...| 8:30AM.] 56 20 5502 | Sky thick toward east. 

March 30...| 9:10 A.M.| 49 20 5537 

March 30...] 9:40A.M.| 45 20 5542 

March 30...] 10:03 A.M. | 41 20 5547 

March 30...) 10227, A.Mai|) 37 20 5528 | Clearing rapidly. 

March 30...] 11:01 A.M. | 33 20 5522 

March 30...| 11:25 A.M. | 31 20 5515 

March 30...| 1:00P.M. | 34 20 5519 

March 30...| 1:30P.M.] 38 20 5522 

March 30...| 2:05P.M.| 43 20 5526 

March 30...| 2:50P.M.| 51 20 5526 | Cirrus developing rapidly. 

April 2...| 10;10A.M.| 28 20 5553 | Some fog. Light unsteady. 

April 2 10:38 A.M. | 34 20 5547 | White sky, haze. 

April 2 II:I0 A.M. | 31 20 5524 

April 2 II:30A.M.| 30 20 5524 

April 2 Los 5) Ma 37 20 5527 

April 4 8:30AM. | 55 20 5524 | Aftera rain. Cumulus clouds. 
Sky clear. Windy. 

April 4 8:56A.M.| So 20 5527 

April 4 9:48 A.M. | 4o 20 5524 

April 4...] 10:42A.M. | 34 20 5533 

Aprils sn4y jeter 7AcMonleesT 20 5531 | Observer P.W.M. 

Wott GA wAl) elsaney sain, ||) AG) 20 5517 | Thin cirrus here and there. 

April 5 TOLE2 AM 37 20 5494 | Through cirrus. 

April 5 II:13 A.M. | 30 20 5503 | Clear. 

April 6 8:05 A.M. | 59 20 S505 wi elears 

April 6 9:46 A.M. ] 39 20 5513 | Clear. 

April 6 II:22A.M.| 20 20 5506 | Clear. 

June 21 8:50 A.M. | 40 20 5560 | Haze obscuring mountains. 
White area around sun. 
Sky blue otherwise. 

(RESINS RI eal UO BOW Asti, Ih Bie 20 5545 

June 21...| 10:12A.M.| 24 20 5533 

June 22...) tr:05 AM. | 14 20 5524 

June) (22555) Trs4O Ae err 20 5522 


Figure 5 gives a graphical representation of the Mount Wilson 
results. This shows that on clear days for purposes of inter- 
ferometer measurement the wave-length is sensibly constant if the 
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zenith distance is less than 60°, while for greater zenith distances 
it rises rapidly. The Pasadena observations in general show that 
for zenith distances less than 40° there is not much change in the 


a 


5600 


Wave-length 
‘oO 
ro) 


Zenith distance 


Fic. 5.—Mount Wilson observations 
June 16-18, 1921 


wave-length. For small zenith distances the Pasadena observa- 
tions indicate a value not far from 5520, while the Mount Wilson 
observations indicate 5510. ‘The difference of 10 A, though perhaps 
real, is so small that it may be said to be negligible as far as 
ordinary astronomical interferometer work is concerned. 


Mount WItson OBSERVATORY 
October 1921 
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AN INVESTIGATION OF THE CONSTANCY IN WAVE- 
LENGTH OF THE ATMOSPHERIC AND 
SOLAR LINES 


By CHARLES E. ST. JOHN ann HAROLD D. BABCOCK 
ABSTRACT 


Constancy in wave-length of atmospheric lines in the solar spectrum.—In 1915 Perot 
reported having found the wave-length of an O line considerably longer at noon than 
at sunrise and sunset. Since these lines are constantly used as standards of wave- 
length in solar observations, a study of the wave-length as a function of the altitude of 
the sun was made for a number of atmospheric lines in the B group at \ 6867, in the 
a group at \ 6276, and in the water-vapor band near \ 5900. Measurements of 25 
plates show no indication of a variation greater than the accidental error. Moreover, 
spectrograms and data accumulated at Mount Wilson since 1911 give wave-lengths, 
some determined with reference to solar lines and some with reference to arc lines, 
which agree very closely, the difference from the general mean shown by any plate 
seldom exceeding 0o.oor A. This negative result indicates the absence of high velocity 
radial currents in the earth’s atmosphere and justifies the use of atmospheric lines as 
a reliable standard of reference even in work requiring the highest precision. 

Constancy in wave-length of lines from the center of the solar disk—While Evershed 
reported in 1919 remarkable variations amounting to several thousandths of an 
angstrom, the experience at Mount Wilson is that the more carefully the solar wave- 
lengths are compared with standard arc lines, the smaller the deviations from spectro- 
gram to spectrogram become. Evidence from 13 plates is presented. These results 
prove that the radial convection currents in the sun, while not absent, are remarkably 
constant, apparently downward at high levels and upward, but small, at low levels. 


In spectrographic observations on the solar spectrum for deter- 
mining wave-lengths and displacements of the Fraunhofer lines 
with high precision, a desideratum is some means of procuring a 
simultaneous comparison spectrum under the same conditions of 
illumination as those obtaining for the spectrum under investiga- 
tion. Provided their wave-lengths are constant, ideal conditions 
occur when atmospheric lines are used for reference in solar observa- 
tions, since in the instrument the path of the light is identical 
for both classes of lines. 

It has been generally assumed that under all practical condi- 
tions of solar observation the velocities of terrestrial atmospheric 
movements are of such an order that no measurable Doppler 
effect is produced. It would require motion in the line of sight of 
approximately 125 miles an hour to cause a displacement of o.cor A 
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at 6000. Some observations reported by Perot,’ however, give 
very remarkable and surprising results, and if confirmed would 
show that the atmospheric lines are not constant in wave-length 
and hence not reliable as standards of reference. He measured 
with an interferometer the wave-length of an oxygen line in the B 
group at different hours of the day and concluded that the wave- 
length increased from morning to noon and decreased from noon 
to evening. He interprets his results as showing a recession of 
the absorbing centers from the surface of the earth with a radial 
velocity of about 3 km per second. 

In view of the importance of the atmospheric lines in solar 
observations. we have examined for change in wave-length during 
the day the atmospheric lines in three spectral regions, namely, 
in the B group at A 6867, in the a group at d 6276, and in the water- 
vapor band near A 5900, and have supplemented these observa- 
tions from spectrograms taken for other purposes through a series 
of years. For much of the measurement and reduction we are 
under obligation to Miss Ware, Miss Miller, and Miss Keener. 

Oxygen lines in the B group.—On two occasions grating spectro- 
grams of the center of the sun were taken in the first order of the 
75-foot spectrograph of the 150-foot tower at intervals from sunrise 
to sunset. The wave-lengths of eight oxygen lines were obtained 
from solar lines whose wave-lengths were corrected for the earth’s 
motions. ‘The statistical results are given in Table I. The lines 
are identified by their Rowland wave-lengths in the first and fourth 
columns and in the other columns are given the deviations from 
the mean for the hours of observation. In Figure 1A the average 
deviations from the general mean are plotted against the cor- 
responding altitudes of the sun. 

From our ‘nvestigation on solar wave-lengths in the inter- 
national system we extract the data given in Table II. These 
measurements were made during June, 1919, with the interferometer 
attached to the Snow telescope. Our unpublished international 
values of solar lines were used as standards. The first column 
contains the preliminary wave-lengths in the international system 
of 28 oxygen lines in the B group. In the other columns are shown 

Comptes Rendus, 160, 549, 1915. 
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the deviations from the mean values for altitudes varying from 
12°50’ to 75°40’. The observed mean wave-length at the highest 
altitude is o.co12 A less than the general mean. 

Oxygen lines of the a group.—On June 7 and 9g, 1919, spectro- 
grams of the center of the sun were taken with the 75-foot spectro- 
graph at intervals from 6:00 A.M. to 6:00 P.M. Eight oxygen lines of 
the a group were measured in terms of solar standards. After cor- 
rection of the reference lines for the earth’s motions, the mean wave- 
length at noon exceeded the mean for the two lowest altitudes by 
0.0016 A. The numerical data are given in Table III; the relative 
results are plotted in Figure 1B against the hours of observation. 


S 


+o.002A ° 
C 
e ° 
—0.002 
0.002 
a “ : 4 
—0.002 


+0.002 


—0.002 


Fic. 1.—A. Deviations of oxygen lines in B group from mean wave-length; for 
different altitudes of sun. 
B. Deviations of oxygen lines in a group from mean wave-length; at 
different hours of the day. Solar standards. 
C. Same as B, referred to absorption lines of iodine as standards. 


In order to eliminate solar standards and obtain an independent 
determination, spectrograms of sunlight filtered through iodine 
vapor were taken with an interferometer using two absorption 
lines of iodine as the fixed references. These observations were 
made in the Pasadena laboratory in April, 1919, with an etalon of 
20mm separation giving a mean order of interference of 63400 
for the eight measured oxygen lines of the a group. The devia- 
tions from the mean wave-length at the hours of observation are 
plotted in Figure 1C. The wave-length at noon shows no deviation 
from the mean of the series. 
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TABLE II 


RELATIVE WAVE-LENGTHS OF OXYGEN LINES OF THE B Group at DIFFERENT 
Hours oF THE Day. INTERFEROMETER SPECTROGRAMS 


(Unit for residuals=o.oo1 A) 


June 6, 15, 16, toro, PST. 


eA June 6 June 6 June 6 June 16 June 15 June 16 
9:08 10:32 12:36 3:40 5it1L 6:03 
ENaC Be ey cae —3 —I Sk +2 - 
OS Ra OUT ss 5 src sieces +1 —3 —3 +3 us Sokerele oe 
GSTS aOLO Marne cote ye —2 ° ° ° +4 —2 
OO PANO TE von 5 cbies es —2 +1 —3 —2 +5 ° 
OSTEROOSA. . vees.s ae ° ° ° ° +3 —5 
OSTO RTS Shek vic aitss —2 +3 ° —2 —2 +1 
GS FR OSS creas cs cate +2 +2 —2 —3 +1 —I 
DSZOQIOR Ss cc we ss acare +2 +3 3 +2 —I —I10 
OS 70 cO4 tien: saga +4 ° —3 —I —I —5 
GS83.850>. c+ os es =pu sre ° i =u —6 
inal (is 5 aes —I +1 —I —T +4 _- 
OSSOs7OT sae caw « -—I +1 —2 ° +3 =H 
O888 2007 5.5.15 eras +1 +1 —I ° ° —3 
OSS0-O2hn 55 aie mse —2 ° ° +2 ar Ue iceere ed 
ee eG sae ee —6 +3 —3 +2 oe Gee Were Aaa 
O80 425 nares 341s oe ° ° —5 = +6 —4 
OSQOFOSO% 6 ns 5 oninse fo) +2 +2 =e —=3 —3 
OSOG*OSA sees es +1 fo) ° +1 —3 —3 
OSUOLO7 2a ces sates —I ° —I +2 —I +2 
GOCORSS7 cars< = Sie aise —2 +1 —4 -++o +4 —5 
GOOA REST cncice cists 3 —I +2 —2 —2 OW | peeternerers 
GOO5 E37 clove eas = —I +2 —2 —2 ODE le rcceitorrer 
GGOS S553) acne as a's +1 +1 — 3 —=T +3 —2 
COOOL ASO sa cess —I +2 —2 —7 +1 -3 
OGRE 221 O cic «aie oe ° +3 +1 —4 afee Sli heve areieteteee 
OOEANTOO «wth eseie o.a82 ° Ss ° —4 [aE | Utskstetlerenarene 
WOES TAO oc csmnsics —2 +2 —2 +1 ces oma aos 
OOLORO22 oc vais « +I ° —I —I a Cad lacrmacocs 
RVICAM or renrrs toe casi oare —0.4 +1.1 —I.4 —0.5 -+1.0 —2.9 
PATEIBUGC wereceya:s fits: « 50°40’ 67°20’ 75°40" 41°10! 22°30’ 12°50! 


From spectrograms and data accumulated since 1911, when the 
a band was first studied at Mount Wilson, a yearly record is avail- 
able. ‘The results for eight lines are given in Table IV. The mean 
wave-lengths for the eleven-year period are in the first column and 
those for the separate years in the succeeding columns. The mean 
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wave-length of the group is shown at the bottom of the table. 
The spectrograms were taken in various months, on various days, 
and at various hours. It would seem that frequently occurring 
disturbances should have been detected; but on none of the scores 
of spectrograms measured is there definite evidence of radial move- 
ments of the absorbing regions of the atmosphere. The difference 
from the general mean shown by any plate seldom exceeds 0.001 A.* 


TABLE III 


Wave-LENGTHS OF OxyGEN LINES OF THE a GROUP AT DIFFERENT Hours 
OF THE Day. GRATING SPECTROGRAMS 


June 7-9, 1919, P.S.T. 


XLA June 7 June 7 June 7-9 June 9 June 9 
12:00 2:50 6:00 

O280 5404 sileves orcs -403 -402 . 4006 -404 -403 
O28R 41S 7ne eee .185 .186 .189 .189 .186 
O28T 004i ce ei .962 .962 .966 .966 -903 
02007230 -s stares sie . 229 . 230 PRA . 230 . 220 
O205a0O Tne mnie -185 .184 .188 217) . 188 
O205 5000s ee are .967 .968 .970 .O71 .968 
0302-000 was es ce .006 .006 .O10 .009 .O10 
OZ 02577 Omer eter. . 768 . 769 -772 77° Sopp 
Mica? hoa aette 2131 2134 2166 2158 2148 
No. of plates...... 2 I 3 2 4 


Altitude ge. terete 12°30! 49°10" 78°40! 51°20" 12°40! 


Water-vapor lines near \ 5900.—To complete the investigation 
on atmospheric lines, grating spectrograms of the center of the 
sun’s disk were taken at high and low sun in the region of the rain- 
band near D, and D,. The results of the measures of eleven lines 
on twenty-four spectrograms are shown in.Table V. Solar lines 
were used as standards. The mean wave-lengths in the inter- 
national system are in the first column, weighted according to the 
number of exposures. For the eleven lines the wave-length at 
high sun exceeds the mean at low sun by 0.001 A. 


* This confirms and extends in time other observations on the a group. Royds, 
Annual Report, Kodaikanal Observatory, 1917; St. John and Babcock, Publications of 
the Astronomical Society of the Pacific, 31, 178, 1919. 
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TABLE V 


WaAveE-LENGTHS OF WATER-VAPOR LINES AT DIFFERENT Hours OF THE DAY 
(March and June 1921) 


P.S.T. of Observation 


ALA. 

7:03 I1:40 3:16 5:40 
BOOS AQ OS Meas cies cies Sysies .980 -983 .984 .980 
fete eee) fete Give nic NCEA GI ck . 226 .227 . 230 . 226 
BSS 7c OOS aise ciara eiervarststs .664 .668 .663 664 
BOO 2PAOS? centers Associate -396 -405 -403 -402 
ROOQLOOL shawn aeisleieveve wa ereete -998 . 000 .004 -002 
BOL AOOO ae oe siorne pe sand aiaons -998 .996 .004 -999 
QL ONO S ators sie eitert eleven toysyeks .056 .059 -059 .057 
5Q19.640..... Bie e es evnes 644 .647 .646 .646 
BO DA N27 O's ois oteeiotny oll aisxe severe 7275 .275 .278 276 
SOS 2KOO 7 erasiorsit tele stele nie atone .096 -007 .098 .097 
OS 2 Oo vec einen ee . 788 . 788 - 788 . 788 
Wea 4078 aro scelertioes ote .466 .468 .469 .407 
Altitude xia cs.u veoscoe enn 16° 61° B50 £39 


When the observations on atmospheric lines at high sun are 
compared with the mean for all altitudes, the residuals, high sun 
minus mean, are as follows: 


sp onan High Sun Residuals 
Lablevlterccmanssorecutanmenrants B group 78°10! —o.oo10 A 
Mableshi tetas veliicmactesatetrer B group 75 40 —0.0012 
Ma bles pie sem.cty ence cies a group 78 30 +o0.0016 
ablerl Vine csc: aaenise ee terse Water-vapor 61 20 +0.0005 
1.4 i eee nae IR rsd PRAMS nem ente, cod MCAS oe fe a a 0.0000 


We are unable to account for the wide divergence between 
our measures and those of Perot. Within the error of measure- 
ment our series of observations show no variation in the wave- 
lengths of the terrestrial lines with the altitude of the sun. It 
wil! be recalled that Dunér,’ in his determination of solar rotation 
in 1887-1889, used the terrestrial line \6302.209 as a fixed point 
of reference, and in 1899-1901 the other component of the pair, 
6302.975. If the terrestrial atmosphere in the absorbing region 
is subject to radial velocities of 3 km per second his consistent 


* Uber die Rotation der Sonne, Upsala, 1906. 
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values are remarkable, particularly for the highest latitude where 
the observed rotational velocity was only 0.39 km per second. 
It must be admitted that radial velocities in the earth’s atmosphere 
of the order of 3 km per second, if they do occur, are extremely 
rare and very local. It seems to us more probable that a different 
interpretation should be sought for Perot’s observations. His 
interpretation requires for the absorbing centers a radial velocity 
of 6700 miles per hour. That such enormous radial velocities 
occur even in attenuated regions of the earth’s atmosphere is open 
to question, and it is more doubtful still that the radial component 
would remain constant for a month over a given locality. From 
our observations we feel justified in using the atmospheric lines as 
reliable standards of reference, even in work requiring the highest 
precision. 

On constancy of wave-length of solar lines.—Jewell' was the first 
to raise the question of variability in the wave-lengths of the solar 
lines. He says, 

Another effect of this investigation may be to make the lines of the solar 

spectrum step down from the commanding position which they have occupied, 
as standards of reference. 
At the period of Jewell’s investigation the instability of many lines 
in the arc spectra of metals had not been recognized. Moreover, 
the records of the spectrograms taken by Rowland and used by 
Jewell were not sufficiently detailed to determine corrections 
depending upon the earth’s motions. Under these conditions the 
conclusion reached by Jewell loses much of its weight. Evershed? 
reports that 


a continuous series of sunlight and Fe spectra was taken to test the constancy 
of the sun-arc displacement. Confining attention to the region 4337-4531 
and to lines not subject to pole-effect in the arc, it was found that some remark- 
able variations occurred amounting to several thousandths of an angstrom. 
The variations are of two kinds: a general change for all the lines in the region 
studied, and a change affecting particular lines or groups of lines. 


He says, 
These displacements may be observed at the center of the disk, but up to 


the present they have not been found very near the limb. It appears there- 
fore that, unlike the displacements in the penumbra of spots, they may be 


t Astrophysical Journal, 3, 113, 1806. 
2 Annual Report, Director, Kodaikanal and Madras Observatories, 1919, p. 2- 
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due to movements normal to the surface or having a component normal to 
the surface. 

At Mount Wilson it has been found that in the determination of 
solar wave-lengths from arc standards, the more carefully the iron 
arc is controlled, the more completely instrumental displacements 
are eliminated, the more accurately the image of the sun is centered," 
and the more exactly the axes of the light-cones incident upon the 
grating are made to coincide, the smaller the deviations from 
spectrogram to spectrogram become. 

A comparison of four observations with the grating spectro- 
graph from April to June, 1921, and the mean of measures in 1917 
for the 13 solar lines common to all plates gives for the fractional 
part of the mean wave-length the following: 


IQI7, 1921, 1921 1921 1921 
Mean April 21 | April 29 May 1 June 1 


TS RIN CS see eee ats d 4337-A 4401 0.5545 | 0.5552 | 0.5550 | 0.5565 | 0.5554 


The three April-June observations for the other common lines also 
show good agreement in the fractional part. 


1g21, April 21 April 29 May 1 
EQ IMCSg oe co werer eo d 4480-\ 4607 0.5574 0.5504 0.5593 
aS Liles cee Noeior haw ee  4615-A 4688 0.3942 0.3041 0.3045 
ZO INES eon ea aes 4707-A 4784 0.5217 0.5217 0.5216 


These wave-lengths are determined from the arc standards, 
not by measuring the displacements between the center of the 
sun and arc, but by using the arc lines as standards of reference. 
Five interferometer spectrograms likewise referred to arc standards, 
taken on August 5, 1920, at intervals from 10:44 A.M. to 5:03 P.M. 
P.S.T. and one taken a year later on August 8, 1921, give deviations 
from the mean of the six as follows for a group of 38 solar lines: 


August 8 
August 5, 1920 Tost , 


10:44 2:34 3:30 4:22 5:03 4:50 


38 lines. ..| \ 5497-A 5862 .©000 |-++.001I |+.0003 |—.0020 |-+.0005 | .cc0c0 A 


1 Observatory, 43, 260, 1920. 
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The degree of constancy of the solar wave-lengths at the center 
of the sun shown by these determinations is further evidenced by 
considering the data in Table IV from this point of view. 

The wave-lengths ofthe oxygen lines in the table, except for 
the years 1920-1921, were referred to solar standards determined 
as above. In 1911, 1912, 1913, and 1919 the wave-lengths of the 
solar lines at the center of the disk were used. For the years 1920- 
1921 the oxygen lines were referred directly to the iron-arc stand- 
ards. ‘This completes the cycle: arc-sun—atmospheric lines—arc. 
The closing of the cycle is practically perfect. Unless it is 
assumed that continuously compensating changes in the wave- 
lengths of the solar and terrestrial lines occur, the agreement 
between the first and last sections of Table IV may be taken as a 
measure of the constancy in wave-length of the atmospheric lines 
and of the solar lines at the center of the disk, and also of the 
accuracy of their determination in terms of the international 
iron-arc standards. In 1914-1918 the results are less dependable, 
as the measures were made upon spectrograms of the limb and it 
was necessary to apply a correction for the limb-center shift, a 
somewhat uncertain quantity for a single observation. From an 
extended series the mean limb-center shift for solar lines in this 
spectral region is 0.007 A with a range of 0.002 to 0.010 A. 

In view of the probable existence of radial convection currents 
on the sun the relative constancy of wave-length at the sun’s 
center is somewhat surprising. At any given level, the radial 
velocity appears to reach a comparatively steady state, differing 
from level to level and in widely different levels even opposite in 
direction. For the strong lines—high-level lines—the motion is 
apparently downward. The great intensity of these lines at high 
levels is probably dependent on the increased ionization under the 
low pressures at the high elevations.t As yet too little is known of 
the ionizing potentials of the elements involved for a definite con- 
clusion. For very low-level lines the motion is small but upward. 
At both low and high levels we appear, however, to be dealing with 
remarkably steady states. In this regard there is a marked differ- 
ence between the center and the limb, the range of deviation from 

t Megh Nad Saha, Philosophical Magazine, 40, 472, 1920. 
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plate to plate at the limb being four- to five-fold that at the center. 
Though the causes of the motions in the solar and terrestrial atmos- 
pheres are different, there may be common characters in the general 
atmospheric movements due to the similar damping influences. 
In both cases centrifugal velocities are opposed by gravitation, very 
powerfully so in the sun, while tangential movements are damped 
by the smaller forces of friction. Thus through a kind of selective 
action the tangential components would tend to persist and the 
radial components to be quenched, so that in both the solar 
and terrestrial atmospheres the prevalent atmospheric flows 
would tend to be tangential. Inthe sun the opposing effects of light- 
pressure and gravitation may have influence in producing the 
steady state at any given level, the different levels of the absorbing 
centers being again a selective result as the equilibrium between 
light-pressure and gravitation depends upon the ratio between the 
mass and diameter of the centers. 

From these observations it is evident that differences between 
solar wave-lengths at the sun’s center and in terrestrial sources 
may be determined with an accuracy comparable to that for the 
terrestrial lines. Upon the magnitude of these differences, their 
variation over the solar disk, from element to element, from line 
to line, and from wave-length to wave-length, rests the possibility 
of disentangling the causes of the displacement of solar lines, a 
formidable but far from hopeless undertaking. 


Mount WItson OBSERVATORY 
October 1921 
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INVESTIGATIONS ON PROPER MOTION 


SIXTH PAPER: THE MOTIONS OF 65 STARS IN THE NEIGH- 
BORHOOD OF a TAURI 


By ADRIAAN VAN MAANEN 


ABSTRACT 

Proper motions of 65 faint stars within 15’ of a Tauri.—In order to test the new 
stereocomparator and possibly discover some faint members of the Hyades group, 
two plates taken in 1919 at the 80-foot focus of the 60-inch reflector were compared 
with two taken in rgr4, the first and second of 1919 being paired with the first and 
second of 1914 respectively. The photographic magnitudes range from 11.3 to 15.4. 
The plate constants were determined from measurements of 29 selected stars. The 
results for the relative motions uw, and ys from the two pairs of plates differ, 
on the average, by +o7’o14 per year and the average absolute values of uw, and us are 
only +o%orr except for four or five stars with components over 0’03. Only two of 
the stars, Nos. 45 and 62, can possibly be members of the Hyades group. 

Distribution of apparent magnitudes in the Hyades group—The rapid falling 
off in the number of group members with increasing magnitude is shown in Table II 
which analyzes the results of Kapteyn and de Sitter for 395 stars in the region of 
the Hyades. 

New stereocomparator at Mount Wilson is similar in principle to the Zeiss instru- 
ment, but it is more rigid and less subject to temperature changes and has other 
advantages including the provision of slow motions for both plate-holders in both 
co-ordinates as well as in rotation. 

Since 1914 several plates of the region of a Tauri have been 
taken at the 80-foot focus of the 60-inch reflector, the exposures, 
under normal conditions, being 25 minutes. Two photographs 
taken in 1919 have been compared with two secured in 1914, the 
purpose being twofold: First, the comparison would afford good 
material to test the accuracy obtainable with the new stereo- 
comparator, recently completed in the instrument shop of the 
Observatory; and second, the measures might reveal some faint 
members of the Hyades group. 

The new instrument is similar in principle to the Zeiss 
stereocomparator, but has several advantages over the latter 
machine: The castings are more rigid; the distance between the 
centers of the two plates, as well as the tube containing the optical 
parts, has been reduced by about 25 per cent, which also helps 
in stabilizing the instrument; the frame work, the plate-carriers, 
and the tube supporting the optical parts are all made of the same 


material, thus avoiding the difficulties due to changes in tempera- 
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ture during a long series of measures; the frame holding both 
plates can be moved both horizontally and vertically, affording a 
constant position of the eyepiece; both plate-holders have been 
provided with slow motions in both co-ordinates as well as in rota- 
tion; and, finally, the magnification can be changed by moving the 
two lenses in the eyepiece tube along the optical axis. As now 
used, the magnification is about two and a half times that of the 
Zeiss instrument. 
The following plates have been measured: 


Plate No. Date Obs. Quality | MoAp ar osure 
1914, Sept. 15 vM g —15°0 
15 vM g — 7.0 
1919, Oct. 20 H g —13.5 
20 vM g — 6.5 


They are combined in two pairs, 2424,-265 and 2424,-266, 
designated by the numerals 1 and 2, respectively, in Table I. 
Each pair was measured in four positions, with the directions east, 
west, north, and south, successively coinciding with the direction 
of increasing readings of the micrometer screw. ‘The two series 
of measures in right ascension for each pair of plates were com- 
bined into one; the same was done for the measures in declination. 
Then in order to deal with smaller quantities, the measured dis- 
tances were reduced to thousandths of a second of arc per year by 
' multiplying by the factor 


8227 


4 T2251X5.10 cok 


where 
8227 =number of thousandths seconds of arc per mm on plates 
12251=number of parts of micrometer screw per mm 
5.10=interval in years between the two exposures 


Designating the measured quantities after this reduction by 
m, and ms, we have 


Me=a +bx +cy +dx* +exy +fy? +a (x) 
ms=a'+b'x-+cly+-d'a?+elxy+f'y?+- ys 
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where a, b....a’, b’..../f' are the plate constants, and 
Ma and ws the annual proper motions in thousandths of a second of 
arc. The plate constants were derived by least-squares solutions 
of the sets of equations, éach including six constants, of the form 
(1) for the comparison stars; for this purpose twenty-nine stars 
were selected, well distributed over the plates; care was taken to 
avoid (a) the brighter stars, (6) the very faintest stars, (c) stars 
showing poor images, and (d) stars which after a preliminary 
reduction seemed to have considerable proper motion. The 
constants thus derived were substituted into equations (1) applied 
to each of the sixty-five stars. The resulting proper motions for 
each of the plates, relative to the mean motions of the twenty-nine 
comparison stars, are given in the fifth, sixth, seventh, and eighth 
columns of Table I. 

The second column gives the photographic magnitudes, derived 
from a plate taken of the polar sequence; for No. 44, a Tauri, the 
magnitude is that given in the Draper Catalogue. The third and 
fourth columns give the co-ordinates of each star with respect to 
a Tauri. 

It was hoped that enough members of the Hyades group would 
be found to permit a reduction from relative to absolute proper 
motions. By comparing the motions of these stars with those of 
the group as given in Boss’s Preliminary General Catalogue, the 
motions of all the stars could then have been reduced to the sys- 
tem of that catalogue. But the results show that only two of the 
stars, Nos. 45 and 62, can possibly be members of the group, and 
even for these the question of membership is doubtful. 

A discussion of the results derived by Kapteyn and de Sitter" 
for 395 stars in the region of the Hyades shows that the lack of 
members of the group among the stars on our plates is not sur- 
prising. Of the 395 stars down to photometric magnitude 10.3, 
Kapteyn and de Sitter find: 


Very probable members........... 42 
Probablermembers.cicerd 1-0 1s a 19 
Doubtful membersacc ont e cleo 16 


t Groningen Publications, No. 14, 1904. 
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The striking fact, however, is the rapid falling-off in the number 
of group-members with increasing magnitude. Table II gives 
for successive magnitudes the numbers and the percentages of 
group stars. 


TABLE II 

Magnitude Total No. of Stars Very Probable Probable Doubtful 
ALO-WA Ones 3 2 or 67% oor 0% oor 0% 
SOG Oe isin se ° oor o oor o oor o 
GROOM Oats aes 27 I5 or 56 40F I5 3 Or II 
Wer) Yu@osone Deh 5 Or 25 Totes 3 0r 15 
OrOm Uo Onins hes 58 9 or 16 2.003 BZ Orns 
OPO HOO tees 211 8or 4 LOT 05 6o0r 3 
TORO-LONS ieee 76 30r 4 wOn mt TOf ax 


As all stars on our plates, with the exception of a Tauri, are 
fainter than photographic magnitude 11.2, it is clear that only a 
few of them could well be members of the group. 

We must therefore resort to other means of deriving the absolute 
motions. The following process was used. Groningen Publications, 
No. 14, contains twenty-six stars included in Boss’s Preliminary 
General Catalogue. Correcting Boss’s proper motions according 
to the remark on page xxviii of that catalogue and comparing 
them with the proper motions given in Groningen, No. 14, we find 


Ma P.G.C. — pa Groningen=-+0%025 
us P.G.C.—ps Groningen = —0”004. 


With the help of these differences we can reduce the proper 
motions in Groningen, No. 14, to the system of P.G.C. Finally 
Groningen, No. 14, and the present paper contain six stars in 
common, viz., 


Gron. 14, Nos. 331, 333, 340, 341, 342, 355 
vM Nos. 14, 29, 43, 44, 45, 65, respectively. 


Although the number of stars is hardly sufficient for a satisfactory 
reduction, it seemed best, at least for the present, to use this 
roundabout way. For one of the stars, No. 65, unfortunately 
the measures on the Mount Wilson plates are unreliable, as the 
images on Plate 2424 are in contact with the trail of a Tauri, 
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which was added to the plate for the purpose of orientation. 
Omitting this star, we find 


Ma Groningen 14 (corrected to P.G.C.)—1a VM = —0003 
us Groningen 14 (corrected to P.G.C.)—ys VM =+0"008. 


Applying these corrections to the motions in the fifth, sixth, 
seventh, and eighth columns of Table I, we derive the values of the 
mean absolute uw. and ws, which are given in the ninth and tenth 
columns, respectively. 

The probable error of a mean motion in right ascension is 
00042, in declination 070044; the small probable error is an 
indication of the stability of the measuring machine. Since the 
measures of the region of a Tauri were made, series of measures with 
this machine have also been completed on the spiral nebulae M 51 
and 81, corroborating the reliability of the new stereocomparator. 

As stated above only two stars have proper motions which might 
indicate that they are members of the group, viz., 


No. 45 Ha=+07073 fs=—0.015 
No. 62 pfa=+0.091 bs=-+0.022. 


For the first star the motion given by Kapteyn and de Sitter and 
reduced to the P.G.C. system is 


Pa=+o07%081 ps= —0%022. 
Comstock" gives for this star: 
Ha= +0090 ps= —07039.? 


The star also appears in Burnham’s General Catalogue of Double 
Stars, No. 2266, C.D.: Burnham assigns a common motion to the 
close double, viz., #a=+0%087, us= —07035. All four values are 
in good agreement. Since on the system of the P.G.C. the Hyades 
cluster has the mean motions wa=+07115, ws= —0%029, it is very 
doubtful if either star No. 45 or No. 62 is a member of the cluster. 


Mount WILSON OBSERVATORY 
October 1921 
t Publications of the Washburn Observatory, 12, 216, 1908. 
2Jn a recent note in the Astronomical Journal, 34, 33, 1922, Comstock derives for 
this star: 
a= +o" 100 ps=—0O"040. 
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THE THEORY OF IONIZATION AND THE SUN-SPOT 
SPECTRUM 


By HENRY NORRIS RUSSELL* 
ABSTRACT 


Saha’s theery of temperature ionization, assuming the ionization to be due to 
temperature alone, leads to the relation: Px?/(1-x?)=K; that is, the ratio of the 
fraction of atoms ionized (x) to the fraction un-ionized (1 —), times the partial pressure 
of the free electrons [Px/(1-+-«)], is equal to K, a function only of the ionization voltage 
I and of the absolute temperature T, namely: logy K=—5036 I/T+2.5 logis T—6.5. 
The theory is here extended to mixtures of elements by putting the partial pressure of 
the electrons equal to Px/(1+-%) where x is the fraction of ionization for all the atoms 
present, and P, as before, is the total pressure. Hence, Px; %/(1—#,)(1+x) =Ky; 
Px, %/(1—%2)(1+x)=K,; etc.; and the ratio of x;/(1—2:) to x2/(1-#2) is merely K,/Kz. 
Therefore the degree of ionization is always higher for an element of easy than for one of 
difficult ionization, and the relation between the two depends only on (J,—J;) and on T, 
and not on the pressure or on the relative concentrations. Saha’s formulae for second- 
stage ionization are corrected. Only two successive stages of ionization can be present in 
any considerable proportions at the same time. Strong evidence in favor of the theory 
is afforded by a comparison of the sun-spot and the solar spectrum, since the predictions 
of the theory with reference to the relative intensity in the hotter and the cooler 
spectrum, of lines associated with ionized and un-ionized atoms, are found to be in 
general agreement with the facts. However, discrepancies such as the presence of too 
large a fraction of ionized Ba atoms, suggest the need of some modification of the 
theory; and it is evidently incomplete, since it neglects the effects of radiation on 
ionization. 

Relative intensity in solar and sun-spot spectra of series lines——The lines of the 
alkali metals (all of which are due to the neutral atoms) are greatly strengthened in 
the spot spectrum. Na (J=5.11 volts) exhibits its principal and subordinate series, 
K (4.32) the principal series alone, and Li (5.37) and Rb (4.16) the leading pair of the 
principal series, and only in the spot spectrum. The corresponding lines of Cs are 
out of reach in the infra-red. 

Among the alkaline earths the lines of the neutral atom for Ca (6.08 volts) are 
strengthened in the spots to a degree which is greatest for the principal series and 
least for the combination series. The corresponding lines of Sr (5.67) are faint in 
the sun and much strengthened in spots. For Ba (5.12 volts) they are absent both 
in sun and spots. The enhanced lines arising from the ionized atoms (Ca+, Sr+, 
Ba++) are strong in both spectra. 

For Mg (7.65 volts) the lines of the neutral atom are little affected, except that 
the fundamental line 1S—2p, is stronger, while for Zn (9.4 volts) the arc lines are 
much weaker in the spot spectrum. 

These results are all in agreement with Saha’s theory. The lines of Li and Ba, 
however, are much weaker than the theory indicates. 

Relative intensity of arc and enhanced lines.—It is pointed out that enhanced lines 
of easily ionized elements can be produced with less excitation than arc lines of dif- 
ficultly ionized elements. This fact explains many apparent anomalies in astrophysical 
spectra. 

¢ Ionization potential of the elements as a function of atomic number.—Since from the 
relative behavior in sun, spot, and furnace spectra, of the lines of Ca, Sc, Tt, V, Cr, 
Mn, Fe, Co, Ni, Cu, and Zn, the elements as arranged in the order of their atomic 
numbers, are progressively more difficult to excite spectroscopically, the ionization 


t Research Associate of the Mount Wilson Observatory. 
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potential probably increases regularly from 6 volts for Ca to 9.4 volts for Zn, and this 
result combined with other data suggests that, in general, the ionization potential is 
a periodic function of the atomic number. 

Identification of certain solar lines.—Lines of Rb have been detected in the sun 
for the first time. Also several faint Na lines have been identified and Datta’s identifi- 
cations of Na and K lines have been partly confirmed, partly not. 

Tables of the series lines of Li, Na, K, Rb, Cs, Ca, Sr, Ba, Mg, and Zn are given 
with intensities in sun and spot, and wave-lengths in international units to 0.01 A. 


Dr. Megh Nad Saha, in an important series of papers," has shown 
the great importance of the modern thermodynamic theory of 
ionization in astrophysical and spectroscopic researches. In 
particular, he makes certain predictions about the behavior of the 
lines of the alkali metals in the spectra of sun-spots. The present 
communication deals with certain points connected with the theory, 
especially when many kinds of atoms are present at the same time, 
and with the observational verification of the predictions, which 
has been complete. 


I. THE THEORY OF IONIZATION WHEN ATOMS OF SEVERAL 
KINDS ARE PRESENT 
The equation of the ‘‘reaction isobar” as given by Saha? in the 
case of the ionization of a gas consisting of atoms of but a single 
kind is 
x2 
be 


log P=log es log T—6.5 (z) 
where the logarithms are to the base 10, P is the pressure of the gas, 
x the fraction of all the atoms which are ionized, T the absolute 
temperature centigrade, and U the “‘heat of ionization” in calories 
per gram-molecule. For the gas in question, the latter is propor- 
tional to the ionization potential, [ being 23,020 calories if I is one 
volt, so that we may also write 


oti __ 5036 I 


log K= , +2.5 log T—6.5. (2) 


*“Tonization in the Solar Atmosphere,” Philosophical Magazine, 40, 472, 1920; 
“Elements in the Sun,” ibid., 40, 809, 1920; “On the Temperature Radiation of 
Gases,” ibid., 41, 267, 1921; “On a Physical Theory of Stellar Spectra,” Proceedings 
of the Royal Society, A, 99, 135, 1921. 


2 Philosophical Magazine, 40, 479, 1920. 


342 


IONIZATION AND THE SUN-SPOT SPECTRUM 3 


If atoms of several different kinds, all capable of ionization, are 
present, the situation is somewhat more complicated. To use 
equation (1), introducing for P the value of the partial pressure 
of the vapor of each element separately, is inadmissible, since one 
of the products of the reaction—free electrons—is produced by all 
the ionizations. But if p’ is the partial pressure of the ionized 
atoms of any sort, p that of the corresponding non-ionized atoms, 
and p” that of the free electrons, we will always have 


Loe A 
‘PPK (3) 


when K is given by (2). 

If now atoms of several kinds are present in the relative numbers 
Peed. . . .- and the fractions 4-25 Won . . of thesecare 
ionized, the whole number of atoms and free electrons present 
will be a,(1+«,)+a,(1-+«,) . ... and the partial pressures for 


element 1 will be 
Tip, AX Ge) 
a a+ Dax Pr 552 Dax 


(P being as before the whole pressure of the gas), wh'le for the free 
electrons we will have 


Lax ae 
i = 
is Si a 
where 
ax 
Paiste: . (4) 


x is therefore the fraction of all the atoms present which are 
ionized, and may be regarded as a weighted mean of the values of 
x for the individual elements. 

Equation (3) then becomes for the various elements 


Xz & _K; ip a _K, eee (s) 
I—x%,1+x P’ I—a,1+tx P’ 
where K,, K, are given by (2) with the ionization potentials for 
the elements concerned. 
We then have 
x, Ky, % 
I—x, K,1—%x,’ 


K, LI, 
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or, expressed verbally: The ratios of the number of tonized atoms to 
that of non-ionized atoms for any two elements in a gaseous mixture 
bear a fixed proportion to one another, which depends only on the tem- 
perature, and is independent of the pressure, the relative abundance 
of the two elements, or the presence of other elements. 

These latter conditions affect the amount of ionization, without 
modifying this proportion. The element of lower ionization poten- 
tial is always the more highly ionized. 

We may write (5) in the form 

a _K, 
I —@ P. ; 


where 


P= Pe an é (7) 

If x, >, that is, if the element is more easily ionized than the 
average, P, will be less than P, and the percentage of ionization 
will be greater than it would be if this element alone were present, 
with the same total pressure. For elements ionized with more 
difficulty than the average, the reverse will be the case. 

The ionization will in all cases be less than if this element 
were present alone with its actual partial pressure, for p’’, in equa- 
tion (3), will always be greater than the partial pressure p; of the 
electrons arising from the dissociation of this one component of 
the mixture. 

When ionization is just beginning all the x’s will be small, and 
we will have approximately 


Ne CLC. ae 
K ? 
I 


P.=pe ap (+52 K,a, ), 
A Za 


Kaka. 3 sce 

The factor outside the parentheses is the partial pressure of 
constituent 1. It follows that at the beginning of ionization the 
constituent of lowest ionization potential behaves very nearly as if 
it alone were present at its actual partial pressure. For constituents 


more difficult of ionization the initial ionization is less, and may be 
very much smaller. 
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When the ionization of any element is nearly complete, we may 
set #,=1 in (7) and find 


4 2x 


P,=P—— . 
t--% 


The effective pressure for this element is therefore nearly equal 
to the total pressure (unless a large proportion of atoms of more 
difficult ionization is present). 

For an element of easy ionization the range of temperature or 
pressure within which both ionized and uncharged atoms will be 
present in sensible proportions is therefore extended by the presence 
of other constituents in the mixture. 

For an element of difficult ionization, x, will be much less than 
x and P, greater than P, when ionization is beginning. The range 
within which both phases are present will in this case be reduced. 


If we set 
eK 
1—% P 
we find easily 
Re ee _2aK(1—*) 
ae Me 405 Zax 
eel) 
bee) 


so that K is the mean of the individual K’s, weighted in proportion 
to the number of non-ionized atoms remaining. At low tempera- 
tures, the atoms of easy ionization, which have the largest values 
of K, will contribute most to this mean; but at high temperatures 
these will be ionized, and the atoms of difficult ionization will 
contribute most. The effective mean ionization potential, cor- 
responding to the value of K, will therefore increase with the 
temperature. 

Successive ionization Consider now atoms of the same kind, 
which are susceptible of the loss of two successive electrons. Let 
the ionization potential for the removal of the first be J and the 
additional potential for the second be J’. If x is the proportion 
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of singly-ionized and y of doubly-ionized atoms, that of free elec- 
trons will be «+24, and we will have* 


x(x-+ 2) Seis 
(r—x—y)(1t+*+2y) P (8) 
yla-tey) _ Kt) 


x(tta+e2y) P 
The first of these equations may be written 


(x+y)? _K (x*t+a2xy+y)(r+2+29) we 
1—(x+y)? P  (a?+2xy)(1+%+y) ae 


also 


Mines nee) SE 
1—x P (1 —x?)(x+2) P 


while the second may be written 


Sines ee! ay+tayty Ks 


iy" P iy mrtaytaytes 

It follows that the numbers of both neutral and singly-ionized 
atoms are less than they would be if the second ionization did not 
occur—the draft upon the singly-ionized atoms being partly made 
up by fresh ionization of neutral ones; but the number of doubly- 
ionized atoms is less than it would be if the second ionization was 
the only one which occurred. 

Dividing the second of the equations (8) by the first we find 


(r—x—y) K’ 
Rene eG (9) 
Now 
Ke I'-—I 
108 on oo 


« 


and in all cases which have so far been investigated I’ —I is positive, 
and equal to at least five volts. 


* These equations differ from Saha’s (Proceedings of the Royal Society, A, 99, 143, 
1921) which contain x? and y* in the numerators; but the latter formula would appear 
to involve the inadvertent assumption that an atom can combine only with an electron 
previously liberated by another atom which happens to be in the same state of ioniza- 
tion. -f 
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Hence K’/K is usually a small quantity, and it is impossible for 
y and 1—x—y to be considerable at the same time; that is, there 
will not simultaneously be any noticeable proportion of atoms in all 
three states of ionization. When the temperature is high K’/K 
increases; but in this case x is small and the number of neutral 
atoms very small. 

At low temperatures we may set y=o, when the ordinary 
equation for single ionization is obtained; at high temperatures 
we may set x+y=1 and have 


el a 2 se 
ee eae 
One or the other of these formulae will always give a good first 
approximation, provided that a third electron is not lost. 


In a mixed gas, containing other constituents, we will have 


eter the Se he ee) ee 
(r—x—y)(r+x) P?’ x(1+z) P’ pane Gy eu aS 


Since the potential for the second ionization is always high, the 
presence of other elements will in general diminish its amount; but 
equation (g) will hold in all cases. 

Instead of equation (6) we will have 


x ee X2 ya X2 
1—x—y K,1—-x, « K,1—%, 


(rr) 


where x, is the percentage of ionization for any singly ionized 
element. 


2. THE ALKALIES AND ALKALINE EARTHS IN THE SUN-SPOT 
SPECTRUM 

Saha has shown? that sodium should be considerably ionized in 
the reversing layer, potassium almost completely, and rubidium 
and caesium entirely. As the familiar lines of these elements are 
absorbed by the neutral atoms only, the faintness of the lines of 
potassium in the solar spectrum and the absence of those of rubid- 
ium and caesium is immediately explained. At the lower tem- 
peratures which prevail in the spots he predicts that the lines of 


t Philosophical Magazine, 49, 812-815, 1920. 
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potassium should be strengthened, and that those of rubidium 
should show faintly. 

Observations upon the behavior of sodium in sun-spots have 
been published by Adams! and the presence of lithium has been 
determined by King.2 The study of the other alkali metals, 
which have their lines principally in the red, has been made very 
easy by the publication of extensive and accurate tables of wave- 
lengths in the red and infra-red, both in the solar spectrum$ and in 
the arc,‘ and by the existence at Mount Wilson of an excellent 
series of plates of the spot spectrum, extending to \ 8200, taken by 
Mr. Brackett with the 150-foot tower telescope and 75-foot spectro- 
graph, in the first order, with nicol prism and compound quarter- 
wave plate. All the available lines of the alkali metals were 
examined on these plates (or on the photographic map of the spot 
spectrum for the wave-lengths less than 6600 A) and some additions 
to the data for sodium and lithium were made. 

The results, including those of the earlier observers, are given 
in Table I. In this table the first column gives the element and 
series designation of the line (after Sommerfeld). The leading pair 
of the principal series is denoted by 1s-2p, the next pair by 1s-3p, 
andsoon. ‘The corresponding pairs for the diffuse series are 2p—3d, 
2p-4d, and for the sharp series 2p—3s, etc. Lines lying too far in 
the infra-red to be observed, or too far in the ultra-violet to be 
observable in spots, are in general omitted, as are also the fainter 
members of a series when the stronger earlier members are invisible. 

The second column gives the wave-lengths found in the labora- 
tory by Datta or by Meggers (or, in one or two cases, by others); 
and the third, the wave-length of the corresponding solar line 
derived from Rowland’s tables, from Meggers, or from measure- 
ments made at Mount Wilson. All wave-lengths are given in 


* Mt. Wilson Contr., No. 40; Astrophysical Journal, 30, 108, 1900. 
* Mt. Wilson Contr., No. 122; Astrophysical Journal, 44, 169, 1916. 


3W. F. Meggers, “Solar and Terrestrial Absorption in the Sun’s Spectrum from 
6500 A to gooo A,” Publications of the Allegheny Observatory, 6, 12-44, 19109. 

‘W. F. Meggers, ‘““Wave-Length Measurements in Spectra from s600A to 
9600 A,” Bulletin of the Bureau of Standards, 14, 371-397, 1916; S. Datta, “The 
Vacuum Arc Spectra of Sodium and Potassium,” Proceedings of the Royal Society, A, 
99, 69-78, Ig2t. 
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TABLE I 


LINES OF THE ALKALI METALS 


Wave-Lénctus INTENSITY 
ELEMENT =< AUTHORITY Notes 
Are Sun Sun Spot 
Lithium 
er | ee 6707.82 07.83 abs Kin I 
23 ek ee SEZOS5 2 har rep eies abs abs Russell 
ASO ee ease GLOSE Tal reer abs abs g 
Sodium 
POOP face ess « 5805.94 95-94 20 60 Adams 
5889.97 89.97 30 90 Adams 
POA i See tae 8194.82 94.84 2 7 Russell 
8183.30 83.27 3 Io Russell 
BAA 2 sais sins 5688.22 88.22 6 12 Adams 
5682.67 82.65 5 I2 Adams 
2p-50. coe see 4982.86 82.82 2 4 Russell 2 
4978.61 78.56 ° I Russell . 3 
PR OOS os 4668.60 68.57 iN 3 Russell 4 
BOGOR BOM lara testers ae] seevare ersesetel llsvon since Russell 5 
HU Cee soraee 4407.72 97-73 abs ° Wilson 6 
ALORS 7 We etnetete abs abs Russell | 
BLAS ity cin i'sis(si6 6160.72 60.75 3 8 Adams 
6154.21 54.23 2 9 Adams 
BP SSem aca 3-5: BESS AON lee meth erate abs abs Russell 8 
BLA. 27 Ne eins ete abs abs Russell 9 
BB -OS segues. "> 4751.89 51.83 fore) 2 Adams 
4748.02 47.98 000 ° Adams 
Potassium 
Tit) Dee 7699.00 99.01 5 13 Russell 
7664.92 64.92 6 15 Russell bie) 
TEAS Doeeeeeeee 4047.20 47.19 ooNd ° Russell II 
4044.14 44.14 ° 2 Russell 
PVA ee nies 0ve OGGS 7O-me tenets rieciy. abs abs Russell 12 
OOSO7O8EF aves ees abs abs Russell 
Piast tie Se Ahir BOG2E30. pep eienice a abs abs Russell 
itp eras Gener ayes abs abs Russell 
DAS stots, ohersss GOSO 5 Cum lin aartertct eit abs abs Russell 13 
OGTI COM Na emer ates abs abs Russell 
DDS Se etnias iss lopeetoy [Pia bec oneoe abs abs Russell 
iisbae clientes eectetec abs abs Russell 
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TABLE I—Continued 


ee  ——— —————————————— 


Wave-Lencrus Iv Intensity IN 
ELEMENT AUTHORITY Notes 
Arc Sun Sun Spot 
Rubidium 
TS=2 Diente. 7947.04 47.63 abs ° Russell 14 
7800. 29 00.29 abs I Russell 
ES= 3 Distt lots rae BOTS ASTM ee centres abs abs Russell 
oe ALOO = O52 ewer s sotete abs abs Russell 
QA eriens ere tiie: Wide. Inaaue opto: abs abs Russell 
ee FASO) Nis bes oo ke sos abs abs Russell 
Caesium : 2 * ene g 
TS—2De etn iencye 043.4 ISOS abs NENOWD sesso erciae I 
“ RUSS 2i eo. 2am emcrrasateetens abs Unknown]..... oneal ees 
TS—3D neers ae ASOSe 220 dlsteerr cect: Mic abs abs Russell 
m4 ASS SES Le || seierstees ace| peeabs abs Russell 
8079.4 BSS 8 abs abs Russell 16 
SorOn2w Milan are abs abs Russell 


NOTES TO TABLE I 


1. Much widened in the spot, and showing strong Zeeman effect. 
2. Rowland’s line 4982.904, for which he gives no origin. Identified by Datta. 


3. Rowland 4078.732. Shows, like the last, a conspicuous Zeeman effect. Clearly separated from 
the iron line 4978.785 which is erroneously identified by Datta as the sodium line. 


4. Rowland 4668.749. Shows Zeeman effect. Identified by Datta. 
5. Masked by the chromium line 4664.965 (Rowland). 


6. A faint line, visible only in the spot, and showing conspicuous Zeeman effect. Measured by 
Wilson (unpublished) 4497.900 on Rowland’s scale. Datta identifies this with Rowland 4497.842, a 
titanium line which is clearly separated. 


7. Datta identifies this with Rowland 4494.356 (00) which is not strengthened in the spot, and is 
probably not the sodium line. No trace of the latter could be seen, The character of the foregoing 
lines, and their strong intensification in the spots, support their identification as sodium lines. It is 
very difficult to get these lines sharp in the laboratory, and Datta’s measures, though much superior to 
earlier ones, demanded long exposures. 


8. Datta identifies as Rowland 5153.848 (000). This is a band line showing no Zeeman effect. 


9. Datta identifies as 5149.267 (000) Rowland C. This is very little strengthened in the spot and 
shows no Zeeman effect. No trace of the sodium lines could be found in this vicinity. 


to. Practically coincident with a strong atmospheric line in the tail of the A band, but identified by 
Meggers by means of the sun’s rotation. The intensification of this line in the spot spectrum and the 
Zeeman effect are conspicuous in spite of this blending, which has been allowed for in the estimates of 
intensity. 

11. Identification by Rowland and Datta confirmed. 


12. Wave-lengths from Saunders. These lines are abnormally faint in the arc spectrum. Datta 
identifies as Rowland 6965.320 (000 N) which shows no Zeeman effect*and 6926.290 (c000) which is 
invisible both in sun and spot on the Mount Wilson plates. 


13. Identified by Datta as 5832.490 (000) and 5812.942 (o000). These lines are too faint to be 
visible on the Mount Wilson plates, either in sun or spot. 


14. Typical spot lines, diffuse and showing strong Zeeman effect, and greatly resembling the lithium 
line at \ 6708. Measured by the writer, the first on one plate, the second on two. Probable error of 
measurement about -+o.or A. One of the Zeeman components of 7947.63 is clearly separated from the 
atmospheric line at 7947.766 (Meggers). The other is blended with it. 


15. These lines, which are the first pair of the principal series, lie beyond the limits of the region so 
far photographed at Mount Wilson, and attempts to secure plates showing the spot spectrum in this region 
have not yet been successful. They are not present in the solar spectrum (Meggers). The absence of the 
second pair of this series might have been anticipated. 


16. This relatively narrow pair is strong in the arc, but does not belong to the known series. There 
are no strong lines of the subordinate series of caesium in favorable positions for investigation. 
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International units and Rowland’s values have been reduced to 
this standard with the aid of a correction-curve which was kindly 
furnished by St. John. 

The fourth and fifth columns give the intensity of the lines in 
sun and spot. The values in the former are taken from Rowland or 
Meggers; the latter, for the lines previously observed, from Adams 
or King. For lines newly observed, estimates have been made on 
the original plates, as nearly as possible upon the same scale as 
that used by Rowland or Meggers. Cases in which a line is 
certainly invisible are denoted by “abs.” The sixth column gives 
the authority for the data concerning the spot spectrum (including 
measures of wave-length when the line does not appear in the 
spectrum of the photosphere), and the last provides references to 
the notes which follow. 

These results may be summarized as follows: 

Sodium is represented in the sun by the principal, diffuse, and 
sharp series, and all its lines are much strengthened in the spot 
spectrum. Some of Datta’s identifications of faint lines have been 
confirmed and others modified. The absence of the pair AXA 5153, 
5149 in both sun and spot is remarkable, since the following and 
fainter pair of the series appears to be present. 

Potassium is represented by the principal series only. Its lines 
are greatly strengthened in the spots. Datta’s identifications of 
faint solar lines as belonging to the subordinate series of this element 
are not confirmed. 

Lithium shows in the spot spectrum alone, and only through 
the leading line of the principal series. 

Rubidium, previously undetected in the sun, is definitely proved 
to be present by the appearance of both members of the leading 
pair of the principal series in the spot spectrum. 

The corresponding lines of caesium lie far in the infra-red, and 
satisfactory photographs of the spot spectrum have not yet been 
obtained in this region. 

The alkaline earths (for which the ionization potentials are 
likewise known) are of special interest, because the fundamental 
members 1s-2p, of the series of enhanced lines, absorbed by the 
ionized atoms, lie within the accessible portion of the solar spectrum 
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C2 
TABLE II 
Lines or ALKALINE EARTHS IN SuN-SPOTS 
INTENSITY IN 
ELEMENTS Wave-LEeNncTH Notes 
Sun Spot 
\ Mg 
TURE waceeeuniees ant QROD TS i A | enters icberctorearetl| stetens ersten arene Out of reach 
Tosa basen cee Mee ee 4571.11 5 7 I 
SRSAD Sea seco nio cre. 5528.47 8 8 I 
FE DE a an aetna hark 4703.07 Io Io I 
DP—GD) oes Sac otnis sis fare 4351.94 5 4 I 
PEAS ic hxc sata esiciton 5711.13 6 6 I 
PORES 3 dina d come orences 5183.62 30 30 I 
5172.68 20 22 I 
5167.33 15 17 I 
BT AU veer ats nica eR ee 3838.28 25, S Uh \Svenccomecgs or 
3832.31 Mayo 8 lores cate ene 7 
3829.36 Hee Othomenamane « 
Mg+ 
ky ae arog eh UT a | Coe 
Ca 
TOSI Eee aes Oe ere 4226.73 20 25 2 
DOTA oe eee ee cee eae 6572.78 z Io 3 
QP HS cica Wis siremae putes 7326.10 2 5 4 
BRAD RR e cnieceicee oe 5188.85 3 4 4 
BPH ASME aces ae eres 5512.98 4 5 4 
FES Bit Snare 4847.29 ° I 4 
SD AB Rana ctaet coun as 4878.13 3 3 4 
DK SPiae scr cee renin 6717.19 5 8 4 
BISAC chee woke cron wieig iooenete 4556.61 2 4 2 
4555-88 3 S 2 
4554-77 5 7 2 
4535.07 4 6 2 
4534-95 5 7 2 
4525.43 4 6 2 
ATES Sho ooaboeoR ees 6162.18 15 25 2 
6122.22 Io 20 2 
6102.72 9 20 2 
BOSAL No emickies Oa cetera feet 4 6 4 
rolypecy dl Pagal aetna ted BeGaucrnauee 
ava 4 : 4 
4579.57 
Ca+ : i 
TS—AD oO cieinieheicisie shasta 3968.08 700 700 3 
3033.68 I000 «1000 3 
OTN SE tt eas OSPR SE 8662.42 15! Py, | Semoaeeeter 
8542.48 TOD lichen ceaere 
8408.32 be Be cde na Geae 
BR BS choral racavecsierersieic tere 3736.92 Hie tall ccc aia coca 7, 
3706.03 OX. PI eeeeerenres ] 
S-2P = 6 
5 BO ay 1 ae CAE SSCA 4607.35 I 
TO HBDa tents rrieeronclearen 6892.36 * abs te) E 
BBS er tie Tales aS ee 7070.7 abs abs 4 
6878.8 abs abs 4 
6791.4 abs abs 4 
wa a a |e 
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TABLE II—Continued : 
oe 
INTENSITY IN 


ELEMENTS Wave-LencTH Notes 
a Sun Spot 
Sr 
AC arena seit wie bieiy « Wiedie 4971.68 abs abs 4 
4007508 “Vseteaetacteunts| Sane heres cies 5 
4962.28 000 fore) 4 
4876.06 abs abs 4 
4872.40 abs 000 4 
4852.06 abs abs 4 
Sr+ 
Pema ere tants < cae vin ates 4215.50 8 8 2 
4977-73 5 5 2 
Bp aCe e lca ctans ae os Shope yoy (hiss soo oa omallatid Gnnercios 
nor Vey | | Sas aeaoLod locon once ae Out of reach 
Borer ts Puna) lel Ren tyne unl Biko otoloc cor Out of reach 
Bi aSireien sche st vice 4305.44 (3) (5) 5 
4161.70 I (ole) 2 
Ba 
tis pad es aes eR ae SS 35 a53 abs abs 6 
EOD ange oince cic-a'e sis one 7911.36 abs abs 4 
Ba+ 
LSS) No See ae cence 4934.07 if tf 4 
4554.04 8 10 4 
Te ces Sore a ree 4166.01 ° ° 4 
4130.65 2 3 4 
Rieke ul Gana apoe004 binogonn camer 5 
ADS he cee 4899.97 (2) (2) 5 
4524.95 ° ° 4 
Zn 
Me Dae ire sc tore cea QT 3O53 3% llsrrdetes cris ancteel| ore comnts Out of reach 
Rie ig eerie « steatas 3075.90 P| eh eee 7,8 
2) UAE, OE ee 6362.35 I ° 9 
AU ae ea yalovoie)  STe cys 4810.54 2 ° 4 
4722.16 3 ° 4 
4680.14 hd fore) 4 
DD HAC eer aleleisieis sae sisic 3346.02 OWP Ala koe nicer 7 
3345.58 dl ibiomalsonasr cc 7 
3345.12 Pe ® WReacrarnvaneacs 7 
3303-37 ecerare RRC c 5 
3303-59 OF aiteraie axe wires 7 
ORPIERY  nagdactonood | Woferstocsie stats 5 
NOTES 


. Adams, Mt. Wilson Contr., No. 40, p. 20; Astrophysical Journal, 30, 105, 1909. 

. Adams, Mt. Wilson Contr., No. 22; Astrophysical Journal, 2'7, 45-55, 1908. 

. Adams, Mt. Wilson Contr., No. 40, p. 7; Astrophysical Journal, 30, 93, 1900. 

. From examination of the map of the sun-spot spectrum or of original plates for wave-lengths 
greater than 6600. Many of these lines have previously been studied at Mount Wilson, but they have 
been re-examined because the later plates are probably better. 

5. Masked by other lines. 

6. This line (according to the accurate measures of Schultz (Zeit. fur Wiss. Phot., 11, 209, 1912) lies 
at 5535.755 on Rowland’s scale, and falls in a very confused region between the iron line 5535.644 (inten- 
sity 2) and the line 5535.778 (intensity 0), for which Rowland gives no origin. Between these two there is 
a faint line which is confined to the spot, in which it is of intensity o and shows Zeeman effect. It was 
measured and found to be at 5535.703. There is also a faint band line close by showing no Zeeman effect, 
but nothing which can be identified as the barium line. It is either absent, or masked by 5535.778. 

7. Too far to the violet to show changes in the spot spectrum. 

8. Rowland’s line 3076.002, for which he gives no origin. Kayser and Runge find 3075.99 in the 
arc; Exner and Hascheck, 3076.02. ? 

9. But little weakened in the photographic map. Weakening confirmed on an original negative. 
Zeeman effect stronger over penumbra of spot than over umbra. May be blended with a band line. 
These are numerous in this region. 
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(except for magnesium) which is not known to be the case for any 
other elements. They are also noteworthy for possessing two 
radiation potentials, corresponding to the shift of an electron from 
its normal position in the neutral atom to the position corresponding 
to the limits of the subordinate series of single lines and of triplets. 

These lines afford the most delicate tests for the presence of the 
ionized or neutral atoms of these elements. Their behavior in 
spots is indicated in Table II. Various other lines of these elements 
and the observable lines of zinc are included. 

This table exhibits the well-known fact that the strongest lines 
of the alkaline earths (except magnesium) are enhanced lines. 

The series.of calcium and magnesium, both of triplets and of 
single lines, are conspicuous in the solar spectrum, and only some 
of the more prominent lines are given in the table. The calcium 
lines are considerably strengthened in the spot spectrum; those of 
magnesium are not, with one exception. 

In the case of strontium, only the strongest lines of the neutral 
atom appear in the sun; these are very faint, but are intensified 
in spots, while not one of the strong low-temperature lines of barium 
appears either in the sun or the spots. This has been confirmed 
by examining a number of those which did not belong to known 
series and are therefore not given in the table. 


3. APPLICATION OF THE THEORY OF IONIZATION TO THESE DATA 


The ionization potentials of a number of elements of astro- 
physical importance are as follows: 


Volts Volts Volts 
Caesitimeneeerrr ts 3:62) Bartum .5..soeuS ob. Danes eee 9.86 
ReUDIGIUING ee eee A10. Strontium. 67) Stent oea cee eee 10.70 
IROtassiliin near Heo XCAGNIIE , 560006 Omrh NGA 5a scuano0 11.86 
Solid wocacuad. 5.11 Magnesium..... HO Ie oocouencs 15.02 
iithimaeee coco oi nL ae ieee Ona LZ ae 18.20 
TY tO Sel enero i eGyk Taksialss ao qo06 < 252° leas see se aeo 


The last column gives the potentials corresponding to the 
additional energy required to remove a second electron after the 
first is already gone. 

We may now proceed to calculate the percentages of the atoms 
of various elements which are neutral, singly-ionized, and doubly- 
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ionized, in a gaseous mixture at the temperature of the reversing 
layer and of a sun-spot—which we will take in round numbers as 
6000° and 4000° respectively—and at various pressures. 

Since the pressure th the solar atmosphere is unknown within 
very wide limits (except that it is probably small) we may save 
trouble by computing for assigned values of the ‘‘effective pressure”’ 
P,, for sodium, using equations (2) and (7). The difference between 
the effective pressure and the true pressure will be much less than 
the range of uncertainty of the latter. We may then find the per- 
centages of ionization of other elements by (5) or (11). 

The results are given in Table III. Neutral atoms are denoted 
as usual by Ca; singly-ionized, by Ca+; and doubly-ionized, by 
Ca+-+ (taking calcium as an example). The percentage of atoms 
in the highest stage of ionization for each element is not given, except 
for hydrogen, since it can easily be found by subtracting the sum 
of the others from 100, and also because atoms of the elements 
given in the table, when in these states, absorb no known lines in 
the visible spectrum. 

It should be remembered that the equations from which these 
tables have been calculated are based upon certain assumptions, 
as yet unverified, namely, that the chemical constant for the electron 
may be derived by an extrapolation of the Sackur-Tetrode relation 
(which gives this constant as a function of the atomic weight of an 
element) to the electron, considered as having an atomic weight of 
0.00055, and also that the chemical constant is the same for 
the neutral and ionized atoms of any element.’ An error in 
the former assumption could be corrected by multiplying all the 
tabular pressures by a constant factor; one in the second, by 
multiplying the pressure for each element by an appropriate factor 
before entering the table. 

What is more important, the tabular numbers depend on the 
assumption that temperature alone is effective in producing ioniza- 
tion. This is certainly not the case in the solar atmosphere, where 
the absorption of radiation, though it does not completely ionize 
the absorbing atoms, must undoubtedly get them into a state in 


t See Saha, Philosophical Magazine, 40, 479, 1920. 
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which ionization by some other stimulus becomes easier." This 
should operate to increase the ionization in the reversing layer to 


a considerable degree. 
TABLE III 


PERCENTAGES OF NEUTRAL AND IONIZED ATOMS 


P 1w ATMOSPHERES 


ELEMENT I | Io—t | Io—? | Io—3 Io—4 | Io—s | Io—6 


Reversing Layer—Temperature 6000° C. 


CSc ais 22.6 : 0.87 0.09 0.01 ©.00I | 0.000T 
RDekee. Oe 123 Tey 0.18 0.02 0.002 | 0.0002 
| eee 44.7. 14.8 D2 0.19 0.02 0.002 ©.0002 
INasiactarss Cee 44.4 9.6 Tear Onrt 0.011 | ©.00II 
I by ese eee 86.1 57.0 I5.0 I.9 0.19 ©.019 | 0.002 
Baier hese 79.1 45.0 9-7 I.I 0.10 ©.005 | 0.0001 
Ba 20.9 55.0 90.2 98.0 91.3 48.3 9.6 
Slane Ql.7 70.2 23.8 3.2 °. 0.03 0.001 
Sr-+.. 8.3 29.8 76.2 96.4 97-9 84.6 35.8 
Ga meikes 96.1 84.0 41.0 6.8 0.7 0.07 0.007 
Ca-+.. 3.9 16.0 59.0 93-2 99.1 98.0 83.6 
Meer. 99.8 99.1 93-5 60.4 T3252 Tes 0.15 
Mee. on. O12 0.9 6.5 39.6 86.8 98.5 99.8 
The atsntse 99.99 99.96 99.7 96.9 75.6 2a 250 
Zn-+.... 0.01 0.04 0.3 Ber 24.4 76.3 96.9 

1S ear 2X10 | rX10-5 | 8X10 | 8X10-4 0.008 0.08 0.76 

Sun-Spot—Temperature 4000° C. 

CS as. 54.9 27.0 9.3 Dae. 0.30 0.032 | 0.003 
Rb 77.0 50.0 21.9 Ser 0.83 0.089 | 0.009 
KGa vesereree 84.2 61.5 30.9 8.8 r.3 0.14 0.014 
Na...... 98.1 94.1 81.5 48.9 TWAS Ts 7 0.14 
LABS peat 99.2 97.1 90.3 66.9 21.8 2.95 0.29 
Bas case 98.2 94.1 81.8 49.5 11.8 I.42 0.14 
Ba+ 1.8 5.9 TSe2 50.5 88.2 98.58 | 99.86 
Sioa soe 99.63 98.76 95.8 82.9 40.0 6.6 0.72 
Sr-+ 0.37 1.24 Ae2 ipa 60.0 03-4 99.28 
Cases are 99.89 99.62 98.7 94.1 68.5 18.7 23 
Ca-+.... O.1I 0.38 Tag 5.9 2508 81.3 97-7 
Mg..... 99-999 | 99.996 | 99.975 |] 99.93 99.52 95.6 69.0 
Mg+.... 0.001 0.004 0.025 0.07 0.48 4.4 3570 
Le I00.00 | 100.00 | 100,00 | 100.00 99-995 | 99.95 oe 


La tae I.3XI05 14.3 X1075 |1.6X 1074 |7.2X 104 0.005 0.05 
H.+..../4.7X10/1.6 X10 |5.7X 102.6 X10 |1.9X10%|1.8X107 |r. B9¢c0-6 


In applying these results to the interpretation of the spot 
spectrum, it is probably safe to work on the assumption that the 


* The existence of such an effect for iodine has been experimentally proved by 
Smythe and Compton (Physical Review, 16, 501, 1920). Its importance in the solar 
atmosphere was suggested to the writer, in conversation, by Dr. Lindblad. 
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more abundant elements in the solar atmosphere are present in 
amounts much greater than is necessary to produce strong lines 
and that, for the principal lines of these elements (at least) the 
absorption is substantiafly ‘‘saturated” so that a considerable 
change in the amount of element would produce little change in 
these lines, except in the strength of the wings. It is also important 
to remember that, according to modern theory, the atoms of a 
given element, in their normal state, are ready to absorb certain 
fundamental lines (those of the principal series, denoted by 1s-2p, 
etc., above) while, in order that they may absorb other lines (such 
as those of the subordinate series) they must first have absorbed 
energy enough to shift the electrons within them to some other 
definite state, less stable than the normal one. Saha, who has 
discussed this matter in detail, states that the relative numbers of 
atoms which are in condition to absorb lines of these various groups 
probably depend upon the temperature alone—high temperature 
favoring the absorption of the subordinate lines. It is obvious 
that “high” temperature must here be a relative term, the scale 
for any element being roughly proportional to the temperature at 
which ionization becomes large. 

The main features of the behavior of the lines of the alkali 
metals in spots, as Saha has shown, may be accounted for by the 
relative ease of ionization, sodium being considerably ionized, 
potassium still more, and rubidium completely so, except in spots. 
But the fact that lithium, like rubidium, appears only in the spots, 
cannot be explained on the basis of ionization potentials alone, for 
it is harder to ionize than sodium, and the percentage of neutral 
atoms should be greater. 

A solution may be found in the probable difference in the 
relative abundance of the elements. Sodium and potassium are 
among the most abundant of terrestrial metals, being present in 
the earth’s crust in nearly equal amount (each about 2 per cent of 
the whole). Lithium is relatively rare on the earth, and, if the 
proportion present in the solar atmosphere is sufficiently small, it 
may well be that the number of neutral atoms which remain is 
insufficient to produce perceptible absorption lines, except in the 
spots, where the ionization is less. Among the far more numerous 
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sodium atoms the number which escape ionization, though a smaller 
percentage of the whole, is so great that there are enough of them 
in a condition to absorb the subordinate series fairly strongly, and 
the principal series heavily. In potassium the percentage of neutral 
atoms is much less, and only the lines of the principal series appear, 
with moderate intensity, but much strengthened in the spots. 

It remains somewhat puzzling, however, why rubidium, which is 
much easier to ionize than lithium, should show nearly the same 
behavior in the spot spectrum. According to Table III the percent- 
age of neutral rubidium atoms should be less than one-tenth as great 
as in the case of lithium. The increase in this percentage in spots 
is great enough for both elements to account for the appearance of 
their lines there, and not on the disk, provided that we assume that 
the pressure in the region where the lines are absorbed is o.o1 
atmospheres or less (which seems reasonable). But it is hard to see 
why the rubidium lines should appear at all, unless it is considerably 
more abundant in the sun than lithium is, which does not at all 
seem to be the situation on the earth. 

Passing to the alkaline earths we find improved opportunities. 
While the ionized atoms of the alkali metals give no recognized 
lines in the visible spectrum, those of calcium and its congeners 
are unique in that the fundamental lines of the ionized atom lie 
within the region accessible to astrophysics. The great importance 
of these lines (H and K of calcium and AA 4078, 4215 of strontium) 
is thus explained. They enable us to detect the ionization of these 
easily ionized atoms as soon as it occurs. The ionized atom of 
calcium is at once capable of absorbing the H and K lines. 

From Table III it appears that, under the pressures which 
probably prevail in the reversing layer, the greater part of the 
calcium is in the singly-ionized condition. 

H and K, therefore, are the lines which the atoms of one of the 
most abundant constituents of the solar atmosphere absorb most 
powerfully, when in that state in which under solar conditions 
they are most likely to occur. There are no other lines in the visible 
spectrum, so far as known, for which these three maximal conditions 
are all satisfied. 
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It is not surprising, therefore, that they are exceptionally 
conspicuous, and that few other lines play so important a part 
throughout almost the whole of the sequence of stellar spectra. 
A great deal of the calciuth must be ionized, even in the spots, and 
this, coupled with the fact that the absorption in the H and K lines 
is probably far more than saturated, makes it easy to understand 
why these lines are not perceptibly weakened in the spots. The 
same remark applies, with even greater force, to the corresponding 
enhanced lines of strontium and barium. 

Magnesium should also be considerably ionized in the reversing 
layer; but the only line by which we can detect the presence of 
ionized magnesium (A 4481) is absorbed only by atoms which have 
undergone two internal changes subsequent to ionization, corre- 
sponding to the shifting of an electron from its normal position to 
the states denoted symbolically by 2p and 3d, and demanding the 
absorption of large amounts of energy. The temperature of the 
reversing layer, compared with that at which a considerable percent- 
age of these Mg+ atoms would lose a second electron, is undoubtedly 
low. Hence very few such atoms indeed should be in a state to 
absorb X 4481, and it is not surprising that it is excessively faint in 
the solar spectrum, if it appears at all, or that it becomes conspic- 
uous only in the hotter stars. 

If the earth’s atmosphere transmitted light of short enough 
wave-length, we would probably find that the fundamental pair of 
enhanced magnesium lines near \ 2800 were rivals of H and K in 
intensity and astrophysical importance. 

The very strong infra-red lines of calcium at Ad 8498, 8542, 8662, 
belong to the diffuse series and represent a stage of excitation 
intermediate between H and K and \ 4481. King™ has found that 
they cannot be produced in the furnace, at temperatures at which 
H and K appear strongly. It may safely be predicted that they are 
weakened in the spot spectrum, and the matter will be investigated 
when suitable photographs can be obtained. The corresponding 
group for strontium is hopelessly far in the infra-red; but the leading 


t Mt. Wilson Contr., No. 150; Astrophysical Journal, 48, 13, 1918. 
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pair of the sharp series of enhanced lines is accessible. One line is 
concealed by a blend; the other is greatly weakened in spots. 

For barium, which is easier to ionize a second time, the enhanced 
lines of the diffuse series are not perceptibly weakened in spots. 

The behavior of the lines due to the neutral atoms is also in 
accordance with this theory. Beginning with zinc, which has the 
highest ionization potential, we find that the prominent triplet in 
the blue is greatly weakened in spots, and the line in the red is also 
weakened, though to a less degree. These lines belong to the sharp 
series of triplets and the diffuse series of single lines, both of which 
are absorbed by atoms in which the electron has been shifted one 
step from its normal position (to 2p or 2P). Measured by a scale 
appropriate to the zinc atom, the temperature of the photosphere 
must be low and that of the spots very low; hence the weakening 
of these subordinate lines is just what should be expected. 

It is of interest to note that the lines of hydrogen, which also 
belong to a subordinate series and to an element for which the 
ionization potential is high, are much weakened in the spot 
spectrum.* 

The lines of magnesium are very little affected in spots. In 
this case the effects of higher excitation and greater ionization at 
the higher temperature of the reversing layer appear very nearly 
to balance one another except in the case of \ 4571, which is a 
characteristic low-temperature line, and is the easiest of all magne- 
sium lines to excite in the laboratory.? This line, as might be 
expected, is strengthened in the spots, but only to a moderate 
degree. 

For calcium, all the important lines of the neutral atom are 
strengthened in spots, indicating that the controlling factor is the 
diminution of ionization at the lower temperature, which increases 
the number of neutral atoms. Where allowance is made for the 
general increase toward the red of the degree to which lines are 
affected in spots, it appears that the strengthening is greatest for 
the lines absorbed by atoms in which the electron is in the normal 
state, 1S; less for those of the subordinate series, in which the 

* Adams, Mt. Wilson Contr., No. 40, p. 10; Astrophysical Journal, 30, 95, 1909. 

? Foote and Mohler, Philosophical Magazine, 37, 40, 1919. 
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electron starts from the state 2P (for single lines) or 2p (for triplets) ; 
and least of all for those of the Bergmann or combination series in 
which it starts from 3D or 3d. According to Saha! the ratio of the 
number of atoms which afe in any one of these states to the number 
which are in the preceding stage should increase with the tempera- 
ture. Hence the effect of the diminished number of neutral atoms 
in the hotter regions is almost neutralized for the lines of the ‘‘outer’’ 
series (3D-4F and 3D-2P) and increased for the fundamental 
lines (1S—2P), and 1S-2p.?_ The first of these, \ 4227, is so far 
to the violet that the effect in spots is not conspicuous, though 
great for a line in this region. This is very prominent in the cooler 
stars. The second, \ 6573, is one of the most remarkable of all 
sun-spot lines. It is an exact analogue of \ 4571 of magnesium, 
which likewise shows the greatest strengthening of any line of the 
element to which it belongs. 

For strontium, the ionization is still greater, and the amount of 
the element present in the solar atmosphere probably much less, 
if we may judge by the earth’s crust, in which strontium and barium 
are much rarer than calcium and magnesium. It is not surprising, 
therefore, that only the strongest lines of the neutral atom appear 
in the solar spectrum, or that these should be strengthened in the 
spots, especially the fundamental line \ 4607. 6892, which is 
analogous to \ 6573 of calcium, is absent even in the spot spectrum. 

The probable reason for this is that the temperature, even in 
the spots, is high on the scale which it is necessary to use for the 
neutral strontium atom, and that, under this high excitation, the 
proportion of atoms in which the electron undergoes the correspond- 
ing change is small. | 

For barium the final stage appears to have been reached. The 
lines of the neutral atom do not appear at all either in the spectrum 
of the sun or of the spots. Even the fundamental line 1S-2P 
(A 5535) is gone. This can be explained only on the assumption 
that barium is completely ionized in the sun, leaving not a trace of 
the neutral atoms, for the element is abundant enough, as is shown 
by the strength of its enhanced lines. 


t Proceedings of the Royal Society, A, 99, 142, 1921. 
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From the qualitative standpoint this explanation is quite 
satisfactory, but a quantitative study brings out difficulties. The 
ionization potentials for sodium and barium, as determined from 
their spectral series, should be practically identical. Hence, by 
the theory developed above, the atoms of both should be ionized 
to the same degree. But the direct spectroscopic evidence indicates 
that barium is ionized to a much greater extent than sodium. 
The absence of the flame lines even in spots, and the fact that the 
enhanced lines of the diffuse series are not sensibly weakened, 
would indicate a decidedly lower ionization potential both for 
Ba and Ba+. 

A similar discrepancy, though less marked, exists in the case of 
strontium. 

As the theory of the subject is still in an early stage of develop- 
ment, these facts may be taken as the results of an experiment 
performed by nature upon a grand scale, which may be used in 
improving our theories; but speculation as to the exact form of 
this improvement would at present be premature. 


4. GENERAL COMMENTS 


The data detailed above cover all the cases in which elements, 
for which the ionization potentials and spectral series are known, 
possess lines of any notable strength within the region in which the 
sun-spot spectrum can be satisfactorily investigated. It is evident 
that they are all in striking agreement with Dr. Saha’s theory of 
ionization and that they confirm it in a very conclusive fashion, 
both in the matters in regard to which he has made predictions, 
and in various others which are here discussed for the first time. 

There are many other elements whose lines show conspicuous 
changes in the spots; but no data are at present available regarding 
the ionization potentials. Most of these elements have spectra 
rich in lines, for which the series relations are known very incom- 
pletely or not at all. 

The behavior of these lines in the spot spectrum,’ coupled with 
that in the furnace, arc, and spark, makes it possible to arrange 
them in a decidedly definite order. 


* Adams, Mt. Wilson Contr., No. 40, pp. 6-26; Astrophysical Journal, 30, 91-111, 
1909. 
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A few of the elements already discussed are added for com- 
parison. Lines which are relatively strong at the lowest tempera- 
tures (King’s Class I) arg called flame lines for brevity. 

Calcium.—All lines strong in sun. Flame lines much strength- 
ened in spots. Arc lines considerably strengthened in spots. 
Enhanced lines produced at medium temperature in furnace,” very 
strong in arc, and not weakened in spots. 

Scandium.'—Flame lines very faint or absent in sun, greatly 
strengthened in spots. Arc lines faint in sun, much strengthened 
in spots. Enhanced lines produced in furnace at high temperature, 
strong in arc, and slightly weakened in spots. 

Titanium? and vanadium—These elements behave in a very 
similar fashion, both in the laboratory and in sun-spots. The 
furnace lines are greatly strengthened in spots and the arc lines 
strengthened. Practically all the arc lines may be obtained in 
the furnace. The enhanced lines can be obtained in the furnace 
only with great difficulty, and are weakened in spots. 

Iron,4 manganese, and chromium.3—These again are similar 
in their behavior. The flame lines are strengthened in the spot 
spectrum, the arc lines little affected, and the enhanced lines much 
weakened. Many arc lines are very hard to produce in the furnace, 
and the enhanced lines cannot be produced there at all, and are 
faint in the arc. The percentage of lines which are strengthened 
in the spot spectrum is greater for chromium than for manganese 
and still smaller in the case of iron. 

Cobalt and nickel..—The number of lines weakened in spots is 
nearly as great as that of the strengthened lines in the case of cobalt, 
and much greater for nickel. The number of arc lines which cannot 
be obtained in the furnace is greater for nickel than for cobalt. 


1 King, Mt. Wilson Conir., No. 211; Astrophysical Journal, 54, 28, 1921. 
2 King, Mt. Wilson Conir., No. 76; Astrophysical Journal, 39, 139, 1914. 
3 King, Mt. Wilson Contr., No. 94; Astrophysical Journal, 41, 86, 1915. 
4 King, Mt. Wilson Conir., No. 66; Astrophysical Journal, 37, 239, 1913. 
5 King, Mt. Wilson Conir., No. 198; Astrophysical Journal, 53, 133, 1921. 
6 King, Mt. Wilson Contr., No. 108; Astrophysical Journal, 42, 344, 1915. 
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A number of cobalt lines and one nickel line described by Lockyer 
as enhanced appear in the furnace, but King gives good reason 
for supposing that these are not enhanced lines of the regular 
type. 

Copper reveals itself in the sun by the first pair of the principal 
series, \\ 3274, 3247, which are produced when mere traces of the 
metal are present. They are recorded as of intensity 10 by Row- 
land, yet no trace of the lines of the subordinate series appears; 
although AX 5782, 5700 are furnace lines. The limit of the princi- 
pal series, 1605 A,? corresponds to an ionization potential of 7,7 
volts. 

For zinc, as has already been noted, the arc lines are fairly strong 
in the sun, but greatly weakened in the spots. Finally, at the end 
of the series, come silicon, for which all the solar lines are greatly 
weakened in spots, and oxygen. The triplet of the latter in the 
extreme red, \\ 7772-7775, is faintly present in the arc, stronger in 
the spark, and, though fairly strong in the sun, is completely 
obliterated in the spot spectrum.’ Yet the series relations of these 
lines, which belong to a combination series 2s—mp, show conclusively 
that they are produced by the neutral atom. 

Part of the effect observed in the spots, however, is probably 
due to the formation of titanium oxide, which must diminish 
considerably the amount of free oxygen in the solar atmosphere. 

The foregoing list shows a definite sequence in the behavior of 
the elements, alike in furnace, arc, and sun-spots, which suggests 
strongly that we have to do with a series in which the ionization 
potential steadily increases (except perhaps in the case of copper, 
for which the data are very meager). It cannot be a matter of 
chance that the list, from calcium, and, indeed, from potassium 
to zinc in order of increasing difficulty of spectroscopic excitation, 
is a complete list of the intervening elements in the order of their 
atomic numbers. It appears highly probable that in this region 
at least the ionization potential increases with the interval in the 
periodic table which separates the element from the preceding 

* King, Astrophysical Journal, 21, 250, 1904. 

? Konen, Das Leuchten der Gase (Braunschweig, 1913), p. 146. 

3 Merrill, Mt. Wilson Contr., No. 183, p. 7; Astrophysical Journal, 51, 247, 1920. 
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noble gas. Whether this relation holds good more generally 
cannot be known until further data become available, but it is 
of interest to note that silicon and oxygen, which are evidently 
decidedly hard to ionize, fit in very well, since, in the known cases, 
the ionization potential falls steadily for corresponding elements in 
each successive period of the periodic table. 

The behavior in the spot spectrum of most of the elements in 
this list is intermediate between that of calcium and that of zinc. 
It may therefore be surmised that the ionization potentials for 
these metals lie between six and nine volts, as Saha has suggested? 
without specifying his reasons. 

One further comment may be made on the foregoing. It is 
evident that the enhanced lines of an easily ionized element, such 
as barium or calcium, may be produced with a weaker excitation 
than the arc lines of an element of difficult ionization, such as zinc 
or silicon; the intervening elements present all degrees intermediate 
between these extremes. The mere fact that an enhanced line 
appears in a given spectrum is therefore not a proof that the 
temperature, for example, is high on an absolute scale, but only 
that it is high relative to the scale appropriate for the element in 
question. It would probably be fairly safe to assume that temper- 
atures proportional to the various ionization potentials produce 
similar effects upon different atoms, but further knowledge is 
necessary before we can be sure of this. 

The principles of the ionization theory will evidently be of great 
importance throughout the whole field of astrophysics, and Dr. 
Saha? has made an application of the highest interest to the question 
of the physical meaning of the sequence of stellar spectra. The 
writer hopes to present a discussion of many features of this problem 
at some time in the not distant future. 

The possibilities of the new method appear to be very great. 
To utilize it fully, years of work will be required to study the 
behavior of the elements mentioned above and of others, in the 
stars, in laboratory spectra, and by the direct measurement of 


t Philosophical Magazine, 40, 822, 1920. 


2 Proceedings of the Royal Society, A, 99, 135, 1921. 
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ionization, but the prospect of increase of our knowledge, both of 
atoms and of stars, as a result of such researches, makes it urgently 
desirable that they should be carried out. 


Mount WItson OBSERVATORY 
August 1, 1921 


Notr.—An admirable summary of the theory of ionization by Mr. E. A. Milne, 
in the Observatory for September (44, 261, 1921), has appeared since the completion of 
the foregoing discussion. He points out the influence of the free electrons resulting 
from the dissociation of easily ionized atoms in diminishing the ionization of other 
atoms, and gives the correct equation for second-stage ionization. Section 1 of the 
present paper was prepared independently and carries the analysis somewhat further, 
so that it appears sufficient to call attention here to Mr. Milne’s prior publication. 

< 
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THE MASSES AND’ DENSITIES OF THE STARS 
By FREDERICK H. SEARES 
ABSTRACT 


Mean magnitudes and masses of visual binaries and dwarf stars of the different 
spectral types.—A statistical comparison of the absolute magnitudes (M,) of 105 


visual binaries, the hypothetical magnitudes (M,) of these and 4oo other visual 


binaries (computed by Jackson and Furner, assuming the combined mass, w=p:t-pn, 
of each binary to be 2), and the absolute magnitudes (M,) of 1152 single stars (includ- 


ing some binaries) by Kapteyn and Adams, gives the mean difference (M,—M,) 
=(M,—M,)—0.30.1 for each type; that is, M,=M,—0.3+0.1. This indicates 
that the selection used is sufficiently homogeneous, also that the variation of the 
mean magnitude of binary star components with spectral type is the same as that 
of single stars. The values of M, (Table IV and Fig. 1) for dwarf stars of types 
Bo, Ao, Fo, Go, Ko, and Ma are —1.60, +0.70, 2.40, 4.35, 5.90, and 9.80 respectively. 
The geometric mean mass for each spectral type of visual binary was next computed 
from the formula log u=log 2—0.6 (M,—0.3—M,). The values of y, slightly cor- 
rected for the effect of selection as determined by a study of the binaries of known 
parallax, give, when multiplied by #to reduce to single stars, a first approximation to 
the geometric mean masses of single stars along the dwarf branch of Russell’s diagram, 
the values for types Bo, Ao, Fo, Go, Ko, and Ma, coming out 10, 6.0, 2.5, 1.0, 0.68, 
and 0.59, respectively, in terms of the sun’s mass (Table IV). The data for visual 
binaries of known parallax indicate that the distribution of log uw is approximately 
Gaussian and that the dispersion in mass is small, probably half the stars of each 
type having masses between o.7 and 1.5 times the mean (Table VIII). 

Mean velocity and energy of dwarf stars of different spectral types-——The mean 
square space-velocity corresponding to the mean magnitude was determined from the 
available data for each type, and these values were multiplied by the corresponding 
mean masses. The mean energy for each type so obtained is practically the same for 
all types from Ao to Ma, in spite of a 10 to 1 variation in mass (Table IX). The 
logarithm of the mean kinetic energy constant is 3.270.036 (average deviation per 
type) in terms of sun’s mass and km/sec., corresponding to 3.5 X10 ergs. The mean 
radial energy is also approximately constant for all except the B-type stars, which 
seem to be abnormal in this as in other respects. Whatever the cause may be, the 
distribution of energy among these stars seems to approximate equipartition. 

Masses of stars as functions of magnitude and spectral type were then computed 
from the values of the mean velocity for each magnitude and type, assuming the mean 
energy independent of magnitude as well as of type (Table X). In Figure 2, curves 
are given showing M as a function of type for various constant values of the mass. 
To get more reliable data for the giants, the masses of 28 Cepheids were computed from 
the period, magnitude, and surface brightness of each, using a formula based on the 
pulsation theory (Table XVI), and Figure 2 was revised to agree with these values, 
giving Figure 3. If the masses computed in accordance with Eddington’s theory of 
Cepheids (Table XIX) are adopted, a further slight revision will be necessary. The 
constant mass lines would be less irregular if bolometric magnitudes were used instead 
of visual. For the Cepheids, the probable dispersion in mass for a given M and type 
is only about 20 percent. This result taken with the data for visual binaries indicates 
that in general the luminosity of a star is very closely determined by its spectral 
type (temperature) and its mass. ; 

Effective temperature, color index, and surface brightness of stars of different spectrab 
types.—The effective or black-body temperatures of the giants as determined from 
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Wilsing’s spectrophotometric measures of c/T for 199 stars, vary from 2890° for Mc 
to 10,500° for Bo, while those of the dwarfs as determined from Mount Wilson color 
indices (provisional values, hitherto unpublished, also given for the giants) reduced to 
the same system, vary from 3330° for Ma to 6080° for F5 (Table XII). The 
difference between dwarfs and giants of the same type is too great to be neglected, 
the later-type dwarfs being considerably hotter. The surface brightness 7 as a function 
of temperature may be computed (1) from the difference between visual and bolometric 
magnitudes as determined by Eddington (j=M—Mg-—1o log T-+const.) and (2) 
from Hertzsprung’s formula derived from Planck’s radiation law (j=2.3 (c/T)°.93 
+const.), both formulae giving practically the same results (Table XI). Combining 
these values with the temperatures of the stars of various types, we get the surface 
brightness as a function of spectral type, the results varying from 4.81 for T= 2890° 
to —2.28 for T=10,500°, expressed in magnitudes, sun=o (Table XII). Asa check 
on these values, the surface brightness of three stars, a Orionis, a Bodtis, and a Scorpii, 
whose diameters have been determined directly by Pease, were computed and found 
to agree with the interpolated values within +o™2 in each case (Table XIII). 

Diameter and density of stars as a function of magnitude and spectral type were 
readily computed from the surface brightness, absolute magnitude, and mass (Table 
XIV). For dwarfs the diameter decreases from 6.8 to 0.54 (sun=1) and the density 
increases from 0.045 to 5.4 (water=1) as the type changes from Bo to Ma, while for 
giants of zero magnitude the corresponding changes of diameter and density are from 
3.2 to 66 and from about 0.3 to 10-5, When M is plotted as a function of type for 
various constant values of the density (Fig. 2), the equidensity lines are straight 
and nearly parallel and quite regularly spaced, so that the equation: log p=—1.22S 
+0.57 M-+1.11, where S is the type number beginning with o for Bo, represents the 
results quite closely for a wide range of density. For dwarfs of types B to F, the 
values agree satisfactorily with the values found by Shapley for the densities of 
eclipsing variables of these types. The giant part of the diagram, however, is less 
reliable, and is later modified in Figure 3 to agree with the values for 28 Cepheids 
(Table XVI) computed from their periods by the use of the theoretical formula: 
log p=—2 log P-+const. Adoption of Eddington’s formula for Cepheids would lead 
to only a slight further modification (see Table XVII). 

Relation of the observed variation of mean mass and of M with spectral type to the 
problem of stellar evolution.—For the dwarf branch, the decrease in mass from 10 for Bo 
to 0.6 for Ma may be partly, and perhaps wholly, accounted for by selection, the 
earlier and brighter stars being observed throughout a larger volume; further, only 
massive stars can attain high temperatures. The possibility that mass may decrease 
with loss of energy by radiation is also suggested, a possibility which agrees with the 
theory of relativity and does not necessarily conflict with Newtonian mechanics. 
For the giants, the observed change in M with spectral type (mass constant) is diffi- 
cult to account for. Probable changes in mean atomic weight are insufficient. 
Changes in the opacity are doubtless involved, and likely also the source of energy, 
which almost certainly is not wholly gravitational and probably not independent of 
the time; for instance, the probable degree of ionization involves an amount of energy 
greater than seems to be available from gravitational forces. The intersection of 
equal-mass lines with the dwarf branch at large angles (Figs. 2, 3), however, does 
not conflict with the gravitational contraction hypothesis. 

Eddington’s radiative equilibrium theory of giants.—Although this involves the 
assumption that the ratio of the energy flow to the gravitational acceleration is constant 
throughout a star, whereas the ratio probably decreases considerably from center 
to outside surface, the calculated variation of magnitude with mass for a given 
spectral type is in fair agreement with observed values (Table XXII), but for a 
given mass the absolute magnitude is not constant as required by theory. For 
Cepheids, the theory gives the formula: log p=—2 log P—2 log (ya)#+const., and 
this combined with the empirical relation, mass is proportional to radius, which 
Eddington’s results suggest as a condition for Cepheid variation, gives: M= 
—5 log P+j—5 log (ya)#+const., which agrees with the observed variation of M 
with P for P> 2 days, quite closely (Table XVIII and Fig. 5). This shows the 
consistency of Eddington’s theory of Cepheids with his theory of radiative equilibrium 
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and tends to confirm the relation of mass to radius, which is equivalent to the condi- 
tion that the average heat content per unit mass is constant. Various consequences 
of this condition are given. The theoretical values of mass and density given by 
the pulsation theory are close to those indicated by Figure 3 (Table XVII). 

Lonization and mean atomic mass inside stars —Theoretical computations indicate 
that the temperature and pressure“%t various points inside a star change in such a way 
as to keep the degree of ionization of the same order throughout (Table XX); hence 
the mean atomic mass is also about constant. When we consider giant stars of 
constant mass but of increasing temperature, we find that while the densities change 
very greatly, the high degree of ionization in the earliest stages is maintained with 
but little change (Table XXT), so that the mean atomic mass should decrease but 
slowly as development proceeds. 

Comparison of spectroscopic parallaxes of visual binaries with the hypothetical 
parallaxes of Jackson and Turner shows systematic differences for their Table II 
(Table ITT). 

Information on the masses of stars has its origin in what can be 
learned of the masses of binary systems, spectroscopic and visual. 
Any discussion of spectroscopic binaries from the standpoint of 
mass is complicated by lack of definite information on the inclina- 
tion of orbital planes, while in the case of visual binaries the lack 
is that of accurate knowledge of stellar distances. Approached 
from either standpoint, the problem, with rare exceptions, must 
be treated by statistical methods whose application presupposes 
an abundance of data. Any solution is therefore involved in 
some uncertainty, which is not lessened by the fact that a transfer 
of results thus obtained to the stars at large involves assumptions 
of comparability: we do net know, for example, how the mass of 
an average binary is related to that of an average single star of 
the same type and luminosity, or even that the relation is the same 
for all classes of stars. The uncertainty, however, is probably not 
great; at any rate, we can proceed only by making such assumptions. 

The following discussion is based on the visual binaries. These 
lead to values of the masses of stars along the dwarf branch of the 
Russell diagram, including those of B-type spectra. The average 
mass decreases continuously with advancing spectral type. The 
combination of these results with the space velocities of large num- 
bers of stars recently published by Adams, Strémberg, and Joy 
shows that the mean kinetic energy of translation of the A’s and the 
dwarfs is approximately constant. The principle of equipartition 
is then used to derive values of the masses of stars of other luminosi- 
ties. The distribution curves thus obtained for mass as a function 


of spectral type and absolute magnitude are a first approximation 
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in so far as they concern stars of highest luminosity, but in the 
vicinity of the dwarf branch they should be reliable within a 
moderate percentage. 

Valuable information on density has at various times been 
obtained from the eclipsing variables, but it has been difficult to 
correlate these results with other stellar characteristics, except 
loosely, because here again the distances, and hence the luminosities, 
of individual stars are inadequately known. Density, however, 
depends in a simple way on mass, total luminosity, and surface 
brightness. The surface brightness can be computed from radia- 
tion formulae, the results being checked in part by their agreement 
with Pease’s measures of angular diameters. Hence with mass 
once known as a function of spectral type and absolute magnitude, 
the values of the density follow as a matter of course. The results 
thus found for mass and density are subject to control and readjust- 
ment with the aid of the Cepheid variables, whose relative densities 
and masses can be calculated directly from their periods, spectra, 
and surface brightness. 

The lines of equal mass for the giant stars in Russell’s diagram 
are irregular curves, considerably inclined to the axis of zero 
absolute magnitude. If therefore a giant star in its evolutionary 
development follows an equal-mass line, its luminosity does not 
remain constant during the giant stage as has often been supposed. 
The curves of equal density are approximately linear and parallel 
to the line of maximum frequency for the dwarfs. The correlation 
of mass with spectral type along the dwarf branch can be explained, 
in part at least, as a consequence of selection, although other 
factors may also enter. The concluding sections of the paper dis- 
cuss the relation of these results to certain phases of Eddington’s 


theory. 
I. THE METHOD 


The mean masses of the visual binaries of different spectral 
types may be found by a statistical comparison of the absolute 
magnitudes corresponding to their hypothetical parallaxes with the 
absolute magnitudes of stars of known parallax. The relation 

as 
H= bat ba= =p, (x) 
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leads at once to 
log u=k—0.6M (2) 
where 
k=3 log a—2 log P+0.6m+3 


and where the absolute magnitude is defined by 
M=m-+5+5 log x. (3) 


For a hundred systems of known orbital elements Jackson and 
Furner* have used equation (1) to calculate the hypothetical 
parallax +, corresponding to an assumed mass w=2. For about 
450 systems of unknown elements they have calculated hypothetical 
parallaxes from a formula depending on changes in position angle 
and distance, the assumption for the mass again being w=2. 
The absolute magnitudes M, corresponding to the hypothetical 
parallaxes for the two groups of stars are given in Tables I and II 
of their paper. 

For any system of known elements, by (2), 

0.30=k—0.6 M, 
and by combination with (2) itself, 
log w=0.30—-0.6 AM (4) 
where AM=M—M,. Hence for a group of stars? 
log el Oe as G) 
AM =M—M, : 
in which pw represents the geometrical mean mass. 

Equations (4) and (5) are the basis of the present discussion. 
Since the hypothetical parallaxes derived from changes in position 
angle and distance involve the mean inclination of the orbit-planes, 
the individual values of +, thus found will differ from those obtained 
with the rigorous relation (1). Equation (4) therefore holds for 
individual stars only in the case of systems of known elements. 
Formulae (5), however, are valid for any representative group of 

t Monthly Notices, 81, 2, 1920. 

2 Upon re-reading Russell’s address, ‘‘Relations between the Spectra and Other 
Characteristics of the Stars,’’ Publications of the American Astronomical Society, 3, 22; 


Popular Astronomy, 22, 275, 331, 1914, I find that in principle the method is essentially 
one used by him. 
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stars, whether their elements are known or not, and can therefore 
be applied to objects in both the lists of Jackson and Furner. 

To determine the mass from equations (4) and (5), the values of 
M, or at least of M, must be known for the various spectral types. 
For a certain number of systems direct determinations of distance 
are available. Hence, M is known, and the use of (4) gives at 
once values of w for the individual stars. These results will be 
affected by large uncertainties, but the means for groups of stars 
should be accurate within a small percentage. For most of the 
binaries, however, only the hypothetical absolute magnitude , is 
known; no other approximation for M is available, and we must 
proceed indirectly. This we might do by using values of M 
derived from single stars.of known parallax whose selection with 
respect to the stars as a whole presents the same characteristics as 
those of the binaries themselves. Similarity of selection in the 
two lists of stars—binaries and single stars—is, however, difficult 
to attain in practice. It will be sufficient if we can find a list of 
single stars whose differences in selection as compared: with the 
binaries are the same for all spectral types. 

Let M, represent the mean absolute magnitude for a given 
spectral type of the single stars of known parallax, and let M be the 
corresponding magnitude of the binaries of the same type. We 
may then write 

M=M,+5M (6) 


where 6M indicates the influence of difference in selection. If this 
difference is the same for all types, 6M will be constant, and we shall 
then speak of the selection as homogeneous. 

The second of (5) then becomes 


AM=M,—M,+6M=4M,+5M (7) 


where M, is the mean hypothetical absolute magnitude of the 
binaries of the spectrum under consideration. The value of 
AM,;=M,—M, is found by comparing the two lists of stars for 
which it is presupposed that the selection for different spectral 
types is homogeneous, while the constant 6M is given by 


6M =AM—AM,=M—M,—AM, (8) 
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applied to the systems of independently determined parallax 
referred to above. M represents here the magnitude corresponding 
to the measured parallax of a binary whose hypothetical absolute 
magnitude is M,. In other words, we derive 6M by (8) from the 
hundred or more binaries of measured parallax, calculate AM, for 
each type by comparing the five hundred and fifty-odd stars in 
the lists of Jackson and Furner with the homogeneously selected 
single stars of known parallax, form AM by (7), and, finally, solve 
for » by means of the first of equations (5). Since the question of 
homogeneity of selection can be put to a direct test, the only 
assumption underlying this procedure is that the relation of mass 
to luminosity is the same for both binaries and single stars, which 
may be accepted as plausible at least. 

The values of M, and M,, whose difference is AM,, are readily 
found by a graphical process. Plotting the values of M, against 
spectral type, we find for the binaries a frequency diagram similar 
to that first given by Russell. The late-type giants are not numer- 
ous, but the dwarf branch is well defined. The points of maximum 
frequency for the dwarfs define a curve which joins smoothly with 
the line of modal values of the B- and A-type stars. This curve 
expresses the variation of M, with spectral type, the giants of 
late type being disregarded altogether for the present. For M, a 
similar curve was found from the data in the list of spectroscopic 
parallaxes,’ supplemented by those for about 430 helium stars whose 
parallaxes have been determined by Kapteyn.? These two curves 
are shown in the central part of Figure 1. Their ordinates and 
differences in ordinates are given in the second, third, and fourth 
columns of Table IV. The data for the M, curve could have been 
greatly increased by including results from trigonometric paral- 
laxes. Little would have been gained in precision, however, for, 
as it is, the number of stars entering into the M, curve is more 
than twice that for the M, curve. 

If we may assume that the selection for different spectral types 
is homogeneous, the differences in the ordinates of the two curves 


t Adams, Joy, Stromberg, and Burwell, Mt. Wilson Contr., No. 199; Astro- 
physical Journal, 53, 13, 1921. 
2 Mt. Wilson Contr., Nos. 82, 147; Astrophysical Journal, 40, 43, 1914; 47, 146, 
255, 1918. 
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+10 


Fic. 1.—The curve M, is the line of maximum frequency of M for the B stars 
of Kapteyn and the dwarfs from the list of spectroscopic parallaxes. M, is the similar 
curve for the hypothetical absolute magnitudes of Jackson and Furner. The differ- 
ences in the ordinates, corrected for zero point, are shown by the curve below (AM). 
The remaining curves refer to the discussion in section 16. 


374 


THE MASSES AND DENSITIES OF THE STARS 9 


represent the values AM, as a function of spectrum. Irregularities 
of selection, or a progressive change in selection with type, will 
produce deformations or a tilt of the curve for AM,. The curve 
for AM, formed directly*from the curves for M, and M, and 
corrected for 6M, is shown in the lower part of Figure 1 (the points 
are explained later). Since the curve is smooth, we conclude that 
there are no marked irregularities of selection, or at least that 
their influence has been minimized in drawing the curves for 
M, and M,. 


2. INFLUENCE OF SELECTION ON THE STATISTICAL 
COMPARISON 


To examine the question of selection more closely, consider 
the numbers of binaries and single stars of known parallax in 
each interval of apparent magnitude. Excluding the late-type 
giants and a few scattering stars at the ends of the sequence of 
apparent magnitudes, we find the data in the first two divisions 
of Table I. If the selection for the two lists were the same (not 
merely homogeneous), the ratios of the corresponding numbers 
for each type would not vary with the magnitude. Difference in 
selection for the binaries and single stars of any type implies a 
change in ratio with increasing magnitude; and, if the selection is 
homogeneous, the ratios for different types will show the same 
change. Absolute values of the ratios are of no significance, 
and for ease of comparison the ratios for each type have been 
multiplied by a constant factor which reduces that for median 
magnitude 6.5 to unity. Further, the numbers for the Gs—K5 
binaries have been combined with the mean numbers for single 
stars of Fo-Fg and Ko-Kog types. 

The results in the third division of Table I indicate a satis- 
factory degree of homogeneity. The irregularities affecting the 
bright Gs—Ks5 stars are unimportant, since the individual groups 
include only two or three stars each. The only deviations requiring 
comment are those shown by the faint Gs—Ks5 stars and the faint 
B’s. The latter arise from the fact that Kapteyn’s lists of B stars 
include none fainter than the 6th magnitude. The binaries 


375 


be) FREDERICK H. SEARES 


involved are ten in number, all of the 7th magnitude or fainter, 
and all but one or two of types B8 or Bg. Any error in the corre- 


TABLE I 
NuMBERS OF STARS—INFLUENCE OF SELECTION 


Median Apparent Magnitude 


Spectrum 2.5 3-5 | 4-5 | 5-5 6.5 7-5 | 8.5 9-5 al 
Binaries—Jackson and Furner 
Oes—“Bowerssc-cis a: I I 7 7 7 8 2 ° 33 
AO HAOi tae siretiers 4 3 12 a2 42 25 15 I 134 
Fo -Go(M>+1).| 0 6 15 36 66 78 54 2| 257 
Gs -Ks(M>+3).|_ 0 I 3 4 Cm nee ah 1 8 
deh) nea ees Phere ced Peer el nooo neaoomllab ca a/lhbo.c 06 505 
Single Stars*—Kapteyn and Adams 
Oe€sS—BO. sweatin 23 42 137 | 194 30 ° ° o| 426 
NOK AO eta reie ° 7 II II 8 3 (2) (1) 43 
Fo -Fo(M>-+1).| 2 14 48 | 105 63 50 29 3314 
Go -Go(M>+3).| © 5 to | 35 57 54| 40 8 | 209 
Ko -Ko(M>+4).| 0 T 2 14 26 43 62 12 | 160 
ARSE err Bana Moon nalleoae nicl odedad enon od soduaclsocadullosaae. 1,152 


Beare rae eects ciate | ake reise Ont 0.2 0.2 TAO io) 0. [5 aso] eters 
FN rts Ae ORS Pree RAS NCES Onla|, O224) sO.68 |), Thon ete Or flot..5 al kOs aan eee 
WRemeae cree crsietcl gees ccc] eeorererels 0.4 Oo: 3 0.3 TOs nes 1.8 0.7" ane 
(COGAN doccospod ecoco. I 3 0:8) | 91.07/22 oe eas | tOnn an aeons 
Ratio—Jackson and Furner/Pickering 
1 5 Seay Nae agg NA DR ser 28 [ba tu 7 2 LEO | (AoA | olntetss || Lobxels) |la'g gaa 
ARE Os igh res ara eee trees 3 2 E20: | (©. 20) | O04") ho OO Nl praetee 
| a ae arse ers eres ola Mergers B 2 TO: |; OssSs|nOstOn | sOLOTml perenne 
CSRS ei cavarerecece cual ierecoreietal| atneetentes 3 2 1:20) |=O2SOn|) On 540 Os O2 ml emer 
Ratio—Kapteyn and Adams/Pickering 
Bid sens 8 0 tee etre eal Selene 34 13 1.0) |"O.00m|2O,00 tl O. COm| ees 
Ae ah er n eysiie adel) scars tee a lero eetete 17 4 TO) || 017195 110.0251 10,02 wl eee 
Etire tetera tl ereratere ens ull uaensee all eats 12 6 TO) |SOl25e | 107205 0.0L aera 
Gaeierecctols sarees [paella 3 4 TiO) /5O33ii|hO-OS NW O20 25 | aerate 
eer eane cebsiore ecarevavstete armtererete Lapeer 0.4 Toy E50:)|| 0-400 PO. 34inl Out zl erreree 


* The ‘‘single stars” include the brighter members of a few binaries. 


sponding AM, must be small, for there is no pronounced irregu- 


larity in the curve. The value of M, for Kapteyn’s earlier B’s 
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can scarcely have been affected by the limitation in apparent 
magnitude, for these stars are all so luminous that the limitation is 
of little consequence. 

Among the stars fainter than m=7.0 there is an excess of 
Gs-Ks binaries which represents a considerable fraction of the 
total number of Gs-Ks5 stars. The corresponding M, may be 
slightly too large. But, if appreciable, this effect must also be 
small, for as the stars actually observed in the intervals of fainter 
apparent magnitude are successively added, the value of M, 
increases very slowly. A direct test is afforded by the binaries 
of measured parallax considered in a later paragraph. 

The number of A stars in the spectroscopic list is small, but 
this does not seriously interfere with the determination of the 
curve of modal values because there are well-determined points 
for the early B’s and for the F’s. It does suggest, however, the 
advisability of an independent test of the selection of the much 
larger group of A’s among the binaries, whose numbers can be 
considerably changed without greatly affecting the ratios in the 
middle section of Table I. Tc cover this point and as a further 
general test, both groups of stars have been compared with the 
counts of W. H. Pickering.t Using means of his values for the 
galactic poles and the galaxy itself (except for the B’s, for which the 
galactic counts alone have been employed), we find the ratios in the 
last two sections of Table I. There is here some progression with 
type due to the fact that Pickering’s counts include the late-type 
giants; but the ratios for the A-type binaries are in general 
agreement with those of the adjacent classes, which answers the 
question as to the selection of the A’s. The large ratios for the 
bright B’s in the last section of the table show merely what appears 
directly from the counts, namely, that Kapteyn’s lists are not 
complete beyond the 6th magnitude. There seems also to be a 
defect of fainter A’s in the spectroscopic list, a conclusion appar- 
ently confirmed by the fact that the points for these stars lie above 
the smooth M, curve shown in Figure 1. It seems clear that none 
of the questions raised is serious and that we may accept the 


t Publications of the Astronomical Society of the Pacific, 33, 140, 1921. 
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values of AM, found in the manner described and proceed to the 
determination of 6M. 


3. ZERO POINT OF THE CURVE FOR MASS AND SPECTRUM 


It will be noted that the values of AM, determine the rate of 
change of mass with spectral type, while the constant, 6M, deter- 
mines the zero point. For the calculation of 6M only the spectro- 
scopic parallaxes have been used, since these are based on a homo- 
geneous system and are sufficiently numerous to afford an excellent 
determination. In forming values of M—M, for individual stars 
to be substituted into (8), two points must be borne in mind: 
First, the values of M given in the spectroscopic list correspond 
to the most probable values of the parallaxes, and, because of the 
logarithmic relation connecting absolute magnitude and parallax, 
are not the most probable magnitudes themselves. To obtain 
the latter, a small constant correction of +0.08 mag. must be 
applied to the tabular values.t Second, the values of M, given 
by Jackson and Furner usually represent the total luminosity of 
the system. To make them comparable with values of M in the 
spectroscopic list, they must be reduced to the brighter component. 

A summary of the results for 6M is given in Table II, the two 
lists of Jackson and Furner being treated separately. The values 
of AM, required for equation (8) were interpolated from the fourth 
column of Table IV. The adopted result is 6M =—o.3, whence 
equation (7) becomes 


AM=AM,—0.3. (9) 


It will be noted that there is no marked progression in the values 
of 6M with type, which confirms, in part at least, the foregoing 
conclusion as to homogeneity of selection. This is also shown by 
the lower part of Figure 1, in which the curve is that representing 
equation (9), while the points correspond to the values of M—M, 
in Table II. With the exception of the constant term, the curve 
depends wholly upon the statistical comparison, while the points 
are derived from values of M and M, referring to the same star 


* Mi. Wilson Conir., No. 199, p. 15; Astrophysical Journal, 53, 27, 1921. 
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and are uninfluenced by any possible dissimilarity in selection. 
The agreement of the points with the curve is, however, within the 
uncertainty affecting their positions. 


TABLE II 


ZERO Pornt oF CURVE FoR AM; 


J AND F, Taste I J ann F, Taste IT 


Sp. |M—-M,| AM, 8M |No. Stars||_ Sp. | M—M,| AM, 8M __|No. Stars 


oN eee —o.7 | —o.5 | —o.2 3) (Ao: —o.8 | —o.4 | —o0.4 II 
|e —o.6 | —o.2 0.4 14 ae 0.0 0.0 0.0 7 
| ee —O.1 0.0 O.I 13 Go. +o0.3 | +0.4 | —o.1 9 
Onn 0.0 | +0.4 0.4 TS) )}| Kea. +0.3 | +0.8 | —o.5 9 
G4-. +o.4 | +0.6 0.2 10 
Ko... +o0.4 | +0.7 Ons 7 
KS. 0.5) | 1 0.0_j- 028 4 

Mean and total...... —0.29| 69 Mean and total...... 0-27 30 


A further detail bearing on the question of selection is the 
circumstance that the constant 6M arises almost wholly from the 
use of the tabular values of M, for the derivation of the curve for 
M,. Since these generally represent total luminosity, the reduction 
to the brighter component appears in 6M, and in the mean is nearly 
equal to the value found for this constant. The effect upon AM, 
of the obvious differences in selection shown in Table I is therefore 
very small. Consequently, the influence of small deviations 
from homogeneity in selection in passing from type to type may 
be regarded as altogether negligible. 


4. SYSTEMATIC DIFFERENCES IN THE HYPOTHETICAL PARALLAXES 


Although the two mean values of 6M given in Table II are 
practically identical, this was not the case when the calculation 
was originally made, the difference then amounting to several 
tenths of a magnitude. This discordant result has been traced to 
a systematic difference between the parallaxes of the two lists of 
Jackson and Furner, the character of which may be seen from the 
comparisons shown in Table III. For systems of known elements 
(J and F, Table I) the agreement of the mean hypothetical paral- 
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laxes with the spectroscopic results is excellent; the one large 
difference, +0”o14, is only 7 per cent of the corresponding a, and 
would be reduced to +07%004 by the rejection of a single star, 
Bu 2109. 

TABLE II 


CoMPARISON OF SPECTROSCOPIC AND HYPOTHETICAL PARALLAXES 


J ann F, Taste I J anv F, Tasre II T tet aes Il 
aC 
M 

erie wm, | No. meee m1, | No- —* wm, | No. 

AO OZONE o0%016|+07%001| 7 | of015/—0%002| 8 | of015|—o7o001] 6 
ORO20-ONOAO na ete e nie ©.030]/—0.001] 28 | 0.036/—0.009] 16 | 0.024/—0.007| 12 
OF O50-O8 000) rie 0.065|—0.003] 22 | 0.064/—0.012] 13 | 0.043/—0.012] 8 
D> OM LOOm | al viscera ©.198|-|-O. 014] 10) | 0200) —OF.07 1) mE ls ctaletecilfensnstetatons | atetene 


* The intervals for 7, are 207020, of021-0029, and So%030. 


For the stars in the second list, however, the agreement for the 
first group alone is within the uncertainty; for the others the 
differences are systematic and an important percentage of the 
parallaxes themselves. Further, the same difference is shown by 
a direct comparison of the hypothetical parallaxes of twenty-six 
stars which occur in both the lists of Jackson and Furner. The 
means, arranged in three groups, are in the last division of Table III. 
For half of these stars no spectroscopic parallaxes are available, 
and to that extent the second comparison is independent of the first. 

The difference, which is about 20 per cent of the parallax, corre- 
sponds to a difference of 0.4 mag. in the two values of 6M and 
fully accounts for the discordance. For the final determination 
of 6M, the hypothetical parallaxes from the second list were reduced 
to the spectroscopic system in accordance with the indications 
of Table III, in order that all the results may refer consistently 
to this system. The resulting value of 6M is that given in the 
right-hand division of Table II.t 


*T am greatly indebted to Mr. Adams for the spectroscopic parallaxes of nineteen 
binaries in the first list of Jackson and Furner (six stars also occur in the second list) 
which have been obtained since the reductions described in the text were finished. 
These reductions have not been revised, but I have satisfied myself that the inclusion 
of the new data would not change the results in section 4 or the following sections 
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5. PROVISIONAL MASSES—EFFECT OF SELECTION 


The derivation of values of the masses now requires only the 
substitution of AM from (9) into the first of (5). The results for 
log » are in the fifth column of Table IV. The first and last 


TABLE IV 
ADOPTED GEOMETRICAL MrAn Mass (©=1), SPECTRAL Type AND ABSOLUTE 
MAGNITUDE 
‘ Pro- | CoRR. | Vis. Binaries SINGLE STARS 
SP. M, Mu, AM, eee Shia So 
OSH | tron | Log pu “ Log MM 
i eee —1.60 |(—o0.25)|(—z.35)] 1.29 |—0.04 T.25 18 I.O1 Io 
LOSS, ei See —0.20 +1.00 r.20} £20 |— 4 T.r0 14 0.92 Sag 
ACen cavers sis +o.70 1.65 0.905 ¥.05° |=. 43 1.62 10.5 0.78 6.0 
NS ee eho I.50 2.15 0.65] 0.87 |— 3 0.84 6.9 0.60 4.0 
Un on eee 2.40 2.70| —0.30| 0.66 |— 2 0.64 4.4 0.40 2.5 
lOGh ae ae a eae 3.32 3.27 | -+0.05 O.4s [= 9 0.43 aay 0.19 r.5 
Ome emcee. 4.35 3-95 0.40| 0.24 |!— 1 0.23 z.7 9.99 1.0 
Cat ae eee 5.20 4.60 0.60} 0.12 ° 0.12 Les 9.88 0.76 
LSC eon aen eee 5.90 5.20 0.70] 0.06 |+ 1 0.07 1.2 9.83 0.68 
1S. eee 7.10 6.30 0.80] 0.00 |+ 3 0.03 rez 9.79 0.62 
it ES SS eee ee +o9.80 |(+8.95)|(+0.85)} 9.07 |+0.04 0.01 I.0 9.77 0.59 
I 


values depend upon extrapolations, and it is possible that those 
for Bs and Ao are also affected by considerable uncertainty. So 
far as the statistical comparison is concerned, the remaining values 
should be dependable within 5 or 10 per cent. 

These results can be accepted, however, only with some reserva- 
tion, for it is easily seen that the visual binaries are a selected 
class of stars in the characteristic of mass itself, and especially 
is this true of the more distant objects. Since motion is detected 
only with difficulty, or not at all, in case the period is very long, 
equation (1) shows that the selection of large masses is favored to 
an increasing degree as more and more distant stars are considered. 
For a given value of a the factor a3/73 increases rapidly with 
increasing distance; the smaller masses are therefore excluded in 
succession because they correspond to periods so long that motion 
has not been observed. For large values of + a wide range in mass 


_in any essential particular. Thus the first two differences in the first division of 
Table III would be +-0%002 and —o”oo2 for seventeen and thirty-seven stars, respec- 
tively. The differences in the third division would not be changed by the inclusion 
of the six stars also occurring in the second list. 
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will be included, but since there is a practicable lower limit to a, 
only the most massive among the more distant stars will appear 
in our lists. 

Another and perhaps even more important form of selection 
arises from the fact that only the most luminous of the distant 
stars get into our lists; the others are too faint to be seen. This, 
too, excludes in succession the smaller masses with increasing 
distance, and is related to the correlation of mass with spectral 
type discussed in section 16. 

The influence of distance on the selection of mass seems to be 
shown by the data now available. To test the matter, consider 
the sixty-nine binaries of known parallax’ in the first list of Jackson 
and Furner. For these, the individual masses, pu, can be calculated 
by (4). Comparing these values with the mean mass for stars 
of the same spectrum, as interpolated from Table IV, we obtain a 
series of residuals A log 1=log u—log w. When grouped according 
to parallax, these lead to the mean systematic deviations shown in 
Table V. A progression with increasing parallax, in the direction 


TABLE V 


DEPENDENCE OF MASS ON PARALLAX 


Ts Mean Sp. | No. Stars A log p Curve 
OLOLS) reve eee F2 Io —0.08 —o.II 
O20. ie vosienc eres F6 10 —0.1I2 —o.08 
O32: tepiere sitio ts G1 ake) —0.08 | —0.07 
OAD a sectiseorrns F7 Io +0.03 —0.03 
OOM tam ererreaeoteys G3 Io —0.04 ©.00 
TOD iis raseie aoe Gr Be) +0.04 | +0.04 
On27 Og See ee G8 9 +o.12 +o.12 


anticipated, is evident, the negative sign of the differences associated 
with the more distant stars indicating that the corresponding 


« The thirty-six stars of known parallax in the second list are not included because 
of the systematic difference in the parallaxes of the two lists. In the preparation of 
Table II, where only a mean result for all the stars was finally used, the systematic 
difference can be corrected with sufficient precision. Here, however, we are con- 
cerned with individual stars, or at most with small groups, and it is not certain that 
the mean correction is applicable. Then, too, the fact that the second list of Jackson 
and Furner is based on a statistical formula, renders these data unsuitable for the 
present discussion. 
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mean masses in Table IV are too large. The character of the pro- 
gression is best seen from the smoothed values of the differences 
given in the last column of Table V. Considered as corrections, 
these differences are suchvas would reduce the masses to values 
representing the selection for r=o"%06. Even at this moderate 
distance the smallest masses will still be excluded; hence some 
further correction, a constant, is required. This cannot be accu- 
rately specified; but in general it may be said that, if we regard 
the selection for the two nearest groups in Table V as approximately 
representative of the visual binaries as a whole, the data of this table 
would indicate that the mean masses of the binaries actually 
observed at distances corresponding to t=o’o2 are roughly 50 
per cent larger than those of a representative collection. 

This result at once suggests that the variation of log uw with 
spectral type found above has been influenced by selection, for in 
general the mean parallax of the earlier-type stars, which are all 
highly luminous, is less than that of the late-type dwarfs. Forming 
the mean parallax for each of the spectral groups in the first half 
of Table II, we find in fact a progression in distance as shown in 
Table VI. If the data of Table V may be accepted, the values of 


TABLE VI 
CorreEcTIONS TO Loc yu 
(To Eliminate Selection in Mass) 


Sp = Wonctars Correction to 
3 & ; 


log u 
VN 4 RRO Soca (07133) B —0.03 
Meas AO RIOR CORSE? 0.051 14 —0.02 
HECK epee caterers Gite tel vats ine 0.038 13 —0,.05 
Cee Oat: SOD OOr 0.055 18 —0o.01 
Chi he aR r ee 0.069 | 10 0.00 
IRB favslereicrs tested stalsts O.1I4 if +0.06 
EO trah cl Menosonsqo starters 0.229 | 4 +0.11 


log wu in Table IV must be corrected as indicated in the last column 
of Table VI, in order to obtain the true variation of log mM with 
spectral type. To make the results fully representative, the 
additional constant correction referred to above must also be 
applied. This seems to be of the order of —o.08. 
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Unfortunately, however, the results in Table V are not as 
reliable as could be wished. The individual values of the masses 
are affected by large uncertainties, and the number of stars in 
the separate groups is small. Further, the residuals log u—log yp 
depend upon the ordinates of the curve for AM shown in Figure 1. 
Any error in the curve, in the nature of a tilt with respect to the 
axis, must therefore have introduced a progression in the residuals 
which only partially disappears when they are grouped according 
to parallax, because such a grouping, in part at least, is also a 
grouping with respect to spectral type. This uncertainty is 
probably not very serious, for Table V shows that the relative 
effect on the.corrections to log uw, for the two extremes of distance, 
is the differential error in the ordinates of the AM curve for F2 
and G8. Since these ordinates are not widely separated, the 
influence of incorrect slope in the curve cannot be great. 


6. ADOPTED MASSES 


On the basis of the evidence in Table VI, the corrections given 
in the sixth column of Table IV were finally adopted. These are 
the smoothed values of the results in Table VI, extrapolated to 
Bo and slightly modified in the case of type K because of the small 
number of these stars. The small constant correction referred to 
above is ignored, because of its uncertainty and relative unimpor- 
tance. It merges with the uncertainty involved in the assumptions 
of comparability which must be made in extending the results for 
the masses of the binaries to the stars at large. 

The differential correction, affecting the relative values of the 
masses as it does, is of more interest. The present determination 
is to be considered as only a first approximation; the results are at 
least in the right direction, and it is believed that they do not 
represent an over-correction. 

We have, finally, as adopted values of the geometrical mean 
masses of the visual binaries, the data in the seventh and eighth 
columns of Table IV. These results refer mainly to dwarf stars 
and correspond to the mean absolute magnitudes given in the 
second column of the table. 
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Owing to the small number of late-type giants in the lists of 
visual binaries, it is not possible to use the statistical method for 
a determination of the masses of these stars. Some indication 
of their values is afforded? however, by the application of equation 
(4) to such of these objects as occur in the spectroscopic list. For 
14 Gand K stars, with a mean absolute magnitude of 0.0, 


log w=0 .47+0.16 


whence w=3.0 with an uncertainty of about 4o per cent. 

The use of the geometrical mean makes it difficult to compare 
the masses thus found with other results,t for which the arith- 
metical mean has usually been employed. For a Gaussian distribu- 
tion of the logarithms of the mass, which seems to be that indicated 
by the available data, the conversion formula would be? 


log w=log ut2.53 77 


where u is the arithmetical mean, and 7 the probable dispersion, 
i.e., the median value of the differences log u—log uw, arranged in 
order without regard to sign. The value of r is difficult to determine. 
For the dwarf stars it is certainly small, probably not larger than 
0.15 (see page 21), whence, approximately, w=1.14 yp. 

Applied to the present data, this relation would lead to arith- 
metical mean masses a little larger than those previously found, 
but close comparisons are not possible. The change in mass with 
spectral type is of the general character of that resulting from 
other investigations and is certainly well established, although the 
variation given here is not as large as that derived by Ludendorffs 
from a discussion of spectroscopic binaries. 

Strictly speaking, the present results refer only to the particular 
group and class of stars upon which the conclusions are based. 

t Russell, loc. cit.; Publications of the American Astronomical Association, 3, 327; 
Popular Astronomy, 25, 666, 1917. Aitken, The Binary Stars, pp. 206 ff., 1918. Van 


Maanen, Publications of the Astronomical Society of the Pacific, 31, 231, 1919. Luden- 
dorff, Astronomische Nachrichten, 189, 145, 1911; 211, 105, 1920. 


2 Adams, Strémberg, and Joy, Mt. Wilson Contr., No. 210, p. 17; Astrophysical 
Journal, 54, 25, 1921. Although derived for use in another connection the formula 
isgenerally applicable. 


3 Los. cit. 
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Their applicability to any other class of stars presupposes some 
assumption. Thus in passing from the combined masses of the 
visual binaries to those of single stars, we can make use of the 
average mass-ratio of the two components and associate the result- 
ing average values for the central stars with that for the non- 
binaries of the same spectra; but it is by no means certain that the 
stars so associated are strictly comparable. For the further dis- 
cussion we make this assumption. Presumably the uncertainty 
is not large, for we thus arrive at a mean mass for the solar-type 
stars which is the same as that of the sun itself. To give this con- 
clusion force it must be added that the average deviation of the 
mass of a dwarf star from the mean mass for the type in question is 
small (see next section). 

There is some evidence that the mass-ratio varies with the type.” 
Adopting, however, the mean value 0.75 for the ratio of secondary 
to principal component, we find for the stars at large the geo- 
metrical mean masses (WG) in the last two columns of Table IV. 


7. DISPERSION IN MASS 


The residuals in log uw for the sixty-nine stars discussed above 
throw some light on the dispersion in mass. Freeing the individual 
residuals from the influence of selection in mass, we find the fre- 
quencies shown in Table VII. In spite of the small numbers of 


TABLE VII 
DISTRIBUTION OF A LoGyu 


No. RESIDUALS TOTAL 
INTERVAL OF A LoG u 

+ - Obsd. Theor 
0500-0200 ais eieits = 8 4 I2 17 
O, TO-OnlO woreelcrier IO 8 18 I5 
©.20-O7720 i sinter ateatels 6 7 ng 12 
O630-On 30 ee cicmeider 5 7 12 Io 
©; AO-On AQaneni eels ene 5 5 Io 6 
O75 O=Oe SO aierismicicrs oe ° I I 4 
© 00-0: OOo ceiie I I 2 3 
OMY KeROUV Ed Sapo ics fo) ° ° I 
OQ; SOZOs OOM ee eae I ° rt ° 
SUMS ince eee 36 33 69 68 


* Aitken, The Binary Stars, pp. 206, 216, 1918. 
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stars, it is seen from the second and third columns that the frequency 
curve is approximately symmetrical. Further, the last two 
columns show that, within the uncertainty of the data, the values 
of log u follow a Gaussian distribution. 

The probable dispersion (dwarfs Fo to M) is 


r(A log uw) = 0.22. (10) 


This, however, is not a true measure of the dispersion in log yp, 
for the result has been derived with the aid of equation (4) and 
includes, therefore, the influence of errors in M and M,. Those 
in M, arise from the factor a3/P? and are relatively small. Bearing 
on the accuracy of M are the data in Contribution No. 199, p. 15, 
from which for the spectral types and luminosities involved, 
r(M) =+0.36 mag. By (4), the contribution to the calculated 
dispersion in log y arising from errors in M is therefore +o0.22, 
which is the same as the calculated value of 7(A log y) itself. Since 
the dispersion in the masses presumably is not zero, the adopted 
value of r(M) is probably too large. This unfortunately makes it 
impossible to gain any definite information as to the dispersion, 
and we can only indicate, as in the second column of Table VIII, 


TABLE VIII 


PROBABLE DISPERSION IN Mass 


1(M) chain A, tsion | Limits for Prob. =} 
+=0.35 =0.07 0.85u-1.18y 
0.30 O13 ©0.74°—1.35 
0.25 0.16 0.69 -1.45 
0.20 °0.18 ©; 00n— teh a 

+0.15 +=0.20 0.63 -1.58 


the probable values corresponding to various assumed values of 
r(M). The last column of the table gives the limits within which 
it is an even chance that the mass of any visual binary will be 
found. Thus, if we assume that the true probable error of the 
spectroscopic absolute magnitude is 0.25, the masses of one-half 
of the stars should be between o.7 and 1.5 times the mean mass. 
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Apparently the range in the masses of the dwarf stars from 
Fo on must be small. Further evidence is given on page 50. 
These results are in general agreement with the earlier findings of 
Russell and Eddington.* 


8. EQUIPARTITION OF ENERGY 


A possible analogy between the dynamical behavior of the 
stars and that of the molecules of a gas has frequently been men- 
tioned.2 Applicability of the kinetic theory would imply an 
equipartition of the energy of translation such that 


pv? = pv2= swcone = py, (11) 


where the individual values in v2 include all the velocities associated 
with a definite class of masses py». In a gas this final state is 
brought about very quickly; in a collection of stars the period of 
relaxation, if the term has any meaning at all, obviously must be 
enormously long. 

As a matter of fact, the theory for a collection of stars is much 
simpler than that of a gas, because the occurrence of collisions 
and close encounters is so rare that they may be neglected. The 
effective agency for the transfer of energy is therefore only that 
arising from the attraction of the great mass of stars as a whole 
upon the individual members of the group. But this simplification 
of the theory and the consequent restriction of the mechanism for 
the redistribution of energy so enormously lengthens the interval 
required for the attainment of statistical equilibrium that Edding- 


* Monthly Notices, 77, 30, 1916; 604, 1917. Russell, in this connection, makes 
the important suggestion that the real dispersion in mass may be largely concealed 
in a discussion based upon spectroscopic data. This would be the case if the spectral 
characteristics used for the determination of a star’s absolute magnitude are functions 
of its surface brightness (temperature) and density alone. For Russell’s discussion 
of this interesting point see the following Contribution, No. 227. 


*See for example Poincaré, Hypothéses Cosmogoniques, p. 257, 1911; Halm, 
Monthly Notices, 71, 634, 1911; Eddington, Stellar Movements, pp. 159, 247, 1914; 
Jeans, Problems of Cosmogony and Stellar Dynamics, pp. 224 ff., 1919. 


3 Jeans, op. cit., p. 229. 
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ton* rejects altogether the analogy with a gas and proceeds on the 
principle that the motions of the stars do not mutually interfere. 

As far as the present state of the universe is concerned, Jeans? 
concurs in this opinion, but points out that the conditions of an 
earlier stage in its history may have been entirely different. Fol- 
lowing his conjecture that the system has evolved from a rotating 
nebula of dimensions much less than those of its present configura- 
tion, he shows that the earlier stages of development would be 
favorable to a rapid redistribution of energy, and that the system 
may have proceeded far on the way toward equipartition before its 
gradual expansion reduced the rate of transfer to its present negli- 
gible amount. The fact that readjustments are now inappreciable 
does not therefore demonstrate the absence of equipartition, which 
must be put to an observational test. 

Although a certain type of systematic motion is not incompatible 
with a steady state, the phenomenon of star-streaming shows 
that equipartition has not been completely attained. Within 
the individual streams, however, there may be an approach to this 
state, just as in the case of two intermingling streams of gas. 
Further, if the stream motion is small as compared with the peculiar 
velocities of the stars, it will have little influence on the statistical 
averages in (11). For a decade or more some correlation of mass 
with velocity of the type hereby implied has been suspected, 
for it has been known that in general the most massive stars are 
the most luminous, and the most luminous stars have on the average 
the smallest velocities. Now, however, we are in possession of 
data which admit of a more definite test. 

For the B and A stars, whose extreme range in luminosity is 
small, we have the determinations of mean radial velocity by 


t Eddington, loc. cit., p. 254. See also Astronomische Nachrichten, Jubildums- 
nummer, Pp. 9, 1921. 

2 Op. cit., Pp. 237- 

3 Campbell, Stellar Motions, p. 207, 1913. Kapteyn, Mt. Wilson Contr., No. 45; 
Astrophysical Journal, 31, 258, 1910. Russell, Observatory, 37, 174, 1914. Kapteyn 
and Adams, Mt. Wilson Comm., No. 1; Proc. Nat. Acad. of Science, 1, 14, 1915. 
Adams and Stromberg, Mt. Wilson Contr., No. 131; Astrophysical Journal, 45, 


293, 1917. 
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Campbell.' For the remaining types, within which the differences 
in luminosity are much greater, we have the recent Mount Wilson 
results,? giving both radial and space velocities for each of these 
types as a function of absolute magnitude. Since the values of 
the masses in the last column of Table IV are probably representa- 
tive of the stars at large, they may be combined with the mean 
velocities of the different types, in conformity with (11), to deter- 
mine the degree to which the condition of equipartition is satisfied. 

The values of the velocities have not been corrected for stream 
motion and thus subject the hypothesis of equipartition to a severe 
test. The Mount Wilson results for radial and space velocities 
include the K-term. For the late-type dwarfs, this is small, and 
negligible for the present discussion. Campbell, on the other 
hand, has freed his results from this term, which for the B stars is 
two-thirds of the mean radial velocity itself. If one prefers to 
regard the K-term as a real velocity, and not merely a systematic 
correction, its contribution to the energy can be found as indicated 
below. 

It has been shown that the distribution of the space velocities 
for types F to M is not in accordance with Maxwell’s law, but 
agrees well with the assumption that the logarithms of the velocities 
follow a Gaussian distribution. Nevertheless, Campbell’s theorem 
to the effect that the arithmetical mean space velocity equals twice 
the mean radial velocity, holds for the giants with close approxi- 
mation.* We assume that a similar state of affairs exists for the 
B and A stars, and thus obtain for these types the arithmetical 
means of their space velocities. The square of the arithmetical 
mean space velocity could have been used directly for a test of 
equipartition; but to evaluate the influence of the K-term, con- 
sidered as a velocity, it is simpler to use the mean-square space 
velocity. 

t Lick Observatory Bulletins, 6, 101, 1911; 7% 19, 1912. 

? Adams, Strémberg, and Joy, Mt. Wilson Conir., No. 210; Astrophysical Journal, 
54, 9, 1921. These results are vital for the remainder of the discussion. Without 
them it could not have been undertaken. 

3 Kapteyn and Adams, Mt. Wilson Comm., No.1; Proc. Nat. Acad. of Sciences, 1, 
14,1915. Adams, Strémberg, and Joy, op. cit., p. 15. 

Abid Spars. 
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For a Gaussian distribution of the logarithms of the space 
velocities, the relation of the mean square velocity to the arith- 
metical and geometrical means is expressed by* 


log v= 2 log a+————_- = 2 log 0+:0.148 


2h fo d. 
(12) 


log v?=2 log oie Moa: <= pe log yo .296 


where /: is the modulus of the distribution function. It is assumed 
that the value of / for types F to M given in Contribution No. 210 
applies also to the B and A stars. 

The mean radial velocities taken from Campbell’s papers? are 


B3,-0.23258.5, 6:7; Ao, 10.35 Ad; tr4 AS) 22.6, 


The corresponding mean square velocities were obtained by 
doubling the radial velocities, as indicated above, and substituting 
the results into the first of (12). For the later types the values of 
log v? were derived from the data for v given in Contribution No. 210. 
These were plotted—v against corresponding M—thus giving four 
curves, which refer to the approximate mean types F5, Gs, K3, 
and Ma+. ‘The mean absolute magnitudes of the dwarf stars of 
these types were then interpolated from Table IV and used as argu- 
ments to read from the curves values of v corresponding to the 
average dwarf of each of the four types. Graphical interpolation 
and an extrapolation to Fo, followed by substitution into the 
second of (12), gave finally the required values of log v? for every 


t The second equation is found by applying the mean value theorem to the 


frequency function 
ee —}2 
——e” (log v—log »)? 


Fo) =" 
The first results from the combination of the second with 
log a=log ote Mod. 
which is given by Adams, Strémberg, and Joy, op. cit., p. 17. 
2 Lick Observatory Bulletins, 6, 127, 1911; 7, 28, 1912. 
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half-interval of spectral type from Fo to Ma. These mean-square 
velocities are not affected by any smoothing from type to type, 
since the interpolation card was drawn through the points derived 
from the four curves giving v the function of M. 

The results, including those for log Mv’, are in the first six 
columns of Table IX. With the exceptions of the B stars, the 


TABLE IX 


THE ENERGY CONSTANT 


Sp. M Log J¢| Log v | Log sz? Residual | Log 6 | Log Me Residual 
0.95 | 2.34 | (3.29) | (40.28) | 1.74 | (2.69) | (+0.07) 

0.81 | 2.40 | (3.21) | (+ .36) | 1.62 | (2.43) | (4+ .33 

Sa7Kon|| Oops. Asso + .o1 2.00 2.78 — .02 

0.70 | 2.87 3-57 .00 2.10 2.80 =) 904) 

0.60 | 2.95 Belsis + .02 2.19 2.79 O03 

©.40 | 3.11 251 -+-) .00 2.36 2.76 .0O 

ONTO ase 3 On mse SS = OD melee 5 Onl mnie ys + .o1 

9.99 | 3.62 3.61 = 504. 2.76 Qin + .or 

QUSS ies Zou bs 200 —' 109 2.84 2.72 + .04 

OnSZ ules Toomer sn Os — .06 2.84 2.67 + .09 

Qn 7Oul ese Aulnse ss —- 04 2.92 227 =| .05 

OYHNN Boks | Gass +0.02 3.00 2.83 —OnO7, 

Means, average deviations..... Basu) £0036) |e. oe 2.76 +=0.036 


values of the energy show close accordance. For a range of 10 to 1 
in the masses the average deviation in Jv? is g per cent, and, by a 
moderate amount of smoothing, is easily reduced to 3 per cent. 
The large divergence for the B stars seems to be real. It cannot 
be supposed that the adopted values for their masses are in error 
by 50 per cent, nor does it seem permissible to assume that the 
velocities could by any chance be increased by the 2 or 3 km 
necessary to bring the energy up to the mean for the other types. 
It is more likely that the velocities are already too large, because 
of undetected spectroscopic binaries among the stars combined in 
the means. 

The inclusion of the K-term as a velocity removes only a small 
part of the divergence. ‘Thus, for any radial direction, the resultant 
mean-square velocity 7? would be 


r="+K?—20K cos a=v+K? 
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where a is the inclination of the space velocities to the given line of 
sight. Extending this to all radial directions, we have for the 
entire group of B3 stars, 


a 


r= (14.8)*-+(4.7)?= 241.1; log Mr =3.33, 


an increase of only 0.04 in the logarithm of the energy. 

The foregoing results depend upon the assumptions that the 
mean space velocities of the B and A stars may be found by doubling 
the mean radial velocities, and that the modulus h/ applies equally 
to all types. We may avoid these assumptions by restricting 
the test to the mobility in the line of sight. For this comparison 
the K-term has been included throughout. The mean radial 
velocities from Campbell’s data thus become’ 


Bs,7.46; B&.5,.6.50; Ao, to.1;-A2, 17.3% As, 12.5 km/sec. 


For the remaining types Contribution No. 210 was again used, 
the values being read from curves for radial velocity 6 as a function 
of absolute magnitude as in the case of v. The values of log J6? 
(eighth column, Table IX) show about the same degree of accordance 
as those of log Mv?, the average deviations, without smoothing, 
again being g per cent. The inclusion of the K-term as a part of 
the radial velocity has brought the B3 stars into agreement with 
the mean for types A to Ma, and only the B8—Bo stars are now 
divergent.2, But this improved agreement is not to be taken very 
seriously, and perhaps the most satisfactory point of view is that 
since the B stars are peculiar in many particulars, the abnormality 
shown by Table IX should not be looked upon as surprising, 


t [bid., 6, 108. The means for the B stars are those found by correcting Camp- 
bell’s values Vz by 4.7 (Bo-Bs) and 4.1 (B8-Bg). For the A stars the mean of V2, 
Lick Observatory Bulletin, 7, 20, has been used without correction. 

2 Freundlich, Physikalische Zeitschrift, 20, 561, 1919, has attempted to show that 
the K-term may be identified with the displacement of spectral lines toward the red 
required by the theory of relativity. This displacement may be involved, but results 
given later in this paper indicate that other factors must also play a part. See foot- 
note p. 48. 
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especially when it is remembered that they form a local aggregation" 
and that their masses are among the largest known. 

There are suggestions of systematic divergencies in both sets 
of residuals, but by forming the means of the two series of values 
of the energy constant, these disappear, and the average deviation 
is reduced to 5 per cent. 

Were the condition of equipartition exactly satisfied, we should 
have 

F=se. 


For a Gaussian distribution of the radial velocities 


=" 6 

2 
where @ is the square of the arithmetical mean radial velocity 
used in Table IX. For unit mass, log ? =3.57; and since log 7/2= 
0.20, log 6?=2.96. The mean-square velocities therefore appear 
to have a ratio of 4 to 1 instead of 3 to 1. It is known, however, 
that the radial velocities do not follow a Gaussian distribution 
closely. 

Approaching the matter from another direction, we have for 
a random distribution in direction, irrespective of the form of the 
frequency function of the magnitudes of the velocities, 


D=20. 
Substituting into the first of equations (12), we find the condition 
log # =log @-Lo. 75 


where 6? denotes the square of the arithmetical mean. The differ- 
ence in the two members of this equation is 0.06 in the logarithm, 
or 11 per cent, a much better agreement than before. The remain- 
ing difference is doubtless to be attributed to the fact that the 
velocity distribution is not random; stream motion produces a 
preferential drift parallel to the galactic plane. 

t This result follows directly from an analysis of star counts. Seares, Publications 
of the Astronomical Society of the Pacific, 30, 114, 115, 1918. Shapley in recent papers 
has accumulated much additional evidence: Mt. Wilson Contr., Nos. 157, 161; Astro- 


physical Journal, 49, 311, 1918, and 50, 107, 1919; Mt. Wilson Communications, 
Nos. 54, 64; Proceedings of the National Academy of Sciences, 4, 224, 1918; 5, 434,1919. 
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In spite of the known departures from Maxwell’s law, there is, 
with the exception of the B stars, a surprisingly close approach to 
a state of equipartition. That the deviations are no larger is 
remarkable,’ and suggests that for the stars considered (dwarfs) 
there is little difference between the different spectral types in the 
average contribution of stream motion to the total energy of 
translation. Since the unit of mass—that of the sun—is 1.9 X 10% 
grams, and since the velocities are expressed in kilometers per 
second, the mean kinetic energy of translation is of the order of 
3.5 X 10% ergs. 


Q. DERIVATION OF MASS FROM THE ENERGY-CONSTANT 


The constancy of the energy is apparently such as to justify 
an attempt to evaluate the masses of stars having luminosities 
and velocities different from those appearing in Table IX. Thus 
by reading from the curves referred to above the values of v and 6 
corresponding to different values of M@ and combining them with 
the energy-constant, more or less hypothetical values of the corre- 
sponding masses can be obtained. 

This procedure assumes that equipartition holds for the stars 
of high luminosity as well as the dwarfs, for which alone a direct 
test has been possible. The behavior of the B stars suggests 
caution in an extension of the principle to other giants; but since 
the translatory energy of the B’s is of the same order as that found 
for the dwarfs, it is perhaps not too much to expect that the use of 
the energy constant will lead to masses for later-type giants which 
will also be of the right order of magnitude. 

The results obtained in this manner are given in Table X. The 
values of log 4 are the means of the two values found with the 
aid of v and @ from the two energy constants, log Jv? and log J%6?. 
To indicate the agreement between the masses derived with the aid 
of the two velocities, the differences log M,—log J, are also given 
in the table. In general these are reasonably small, although 
for the group of Ma stars the extreme values correspond to a two-to- 
one ratio in the masses. The data of Table X express, with more 


«Jn this connection see Jeans, Problems of Cosmogony, p. 238, 1919. 
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detail and precision, the correlation between mass and luminosity 
found by van Maanen.* 
TABLE X 


Mass AND LUMINOSITY 


F5 G5 K3 Ma+ 
M 
log M Diff log M Diff log & Diff log & Diff 
SB RM area tr ei ee ell Paar loues| tteeblos aera ON TAG| p—OROOR  sreenegtellleleleketansiens 0.98 | —0.36 
SD hoe eral fo 0.78 | —0.02 OD Mat HOD sararne | tremens ae .64 | — .02 
iD eke fore fora evanote 74.| — .02 5 Cafe Oo |1O27 20 |e OO .41 | + .16 
Owes trations 68 | — .02 38 | + .10 VAS || 1-1 108 .23 | + .24 
Spa Micretwiecs sistehalousis 62.) +> 02 28:| = 214 .28 | + .14 | 0.08 | + .30 
DM isitersinre “ 51 .00 17 |-- 11 Pay fia ey PE S| oe a (co 05 
3 eee Uk hah Nm 330. == 1.0271 -0.00, Ili O08 #2 O7m|-t- e OO! Il crete ysl arartereterees 
OO CROCE TORE 0,0 |==-0.0415|(91,00) |") 02) 0, OL) | (= O4N oer eriteneters 
rhea) sloxate ehaka ee Oey False nee 0298) | SET ONO4, Nei O2 al eaetec sis terete 
Oya raletore ror ye, otoil Ruccerehe =i) anacnenstotons 9281) | 9 — O22 51/0) x80)|| te O4 fis etter aeeeveeeteee 
WT ievetieve ote ofctoacl/o | etsteve (oil sketonseegacets |cemiecnereaall eRe suerccette Qe O4i | 5—" OO\ | orate aun |letetecorenerete 
Gis yates cvahevern afell oe wrenetsll teen stebetene ll ede reaeta las eaten Qe Siels —O2008 | iieraer neers 
TL Ojreviecd codinleta sealers, Yepaticia [bareeat crac odat el] bee eeey anal es otememesa tell elec eacee Te tee eeeeme 9.68 | +0.14 


The general relation of these results to spectral type and absolute 
magnitude is best seen by means of the diagram in Figure 2. 
This was prepared by plotting the data in Table X and reading 
from the resulting curves the values of M coresponding to 
integral values of the mass J%. These values of M were then 
plotted in the diagram of Figure 2, along with similar points on the 
dwarf branch, whose co-ordinates were derived from the second 
and last columns of Table IV. Through these points were drawn 
the full-line curves of the figure, which thus represent lines of 
equal mass. 

The curves are highly irregular, the maximum near Go followed 
by the minimum at Ko-Ks being particularly noteworthy. Much 
of this disappears, however, when the ordinary visual absolute 
magnitude is replaced by the bolometric magnitude, which measures 
the total radiation and is therefore the quantity of physical signifi- 
cance. The reductions to bolometric magnitude (see following 
section) of interest here are 


Go, —0.09; Gs, —0.30; Ko, —0.73; Ks, —1.30; Ma, —1.60 mag. 
Publications of the Astronomical Society of the Pacific, 31, 231, 1919. 
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The application of these corrections would practically remove 
the minima from the curves for all but the largest masses, and these 
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Fic. 2.—Distribution of mass (full-line) and mean density (broken curves) 
derived from the principle of equipartition. The full-line curve running downward 
to the right is the line of the maximum frequency of the dwarfs. 
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are relatively uncertain because they depend more or less upon 
extrapolations of the data in Table X. 

To explain the derivation of the lines of equal density, which 
are also shown in Figure 2, it is necessary to consider the question 
of surface brightness. 


I0. SURFACE BRIGHTNESS 


To derive values of surface brightness we may start from 
Stefan’s law 
B=¢T (13) 
where E represents the total energy radiated per unit area of the 
surface of a star whose effective temperature is T. Let J be the 
integrated visual intensity, referred to the same unit of surface, 
and write J =aE, whence 


2.5 log E=2.5 log J—2.5 loga 
and, by substitution into (13), 
2.5 log J—2.5 log a=2.5 log o+10 log T. 


Further, let Mg and 7 represent the total energy and surface bright- 
ness, respectively, expressed in magnitudes. The former is the 
bolometric absolute magnitude, while M = — 2.5 log (J X Area) is the 
ordinary visual absolute magnitude. Since a is also the ratio of 
the visual energy to total energy received from the entire surface 


of the star, 
—2.5 loga=M—Mz 
and 
j=M—Ms—10 log T+ const. (14) 

where the constant involves logo and an additional constant 
depending on the zero point chosen for Mz. Eddington? has calcu- 
lated values of the difference between the visual and bolometric 
absolute magnitudes M—Mz for a range of temperatures including 
the normal classes of spectra. Through these values, which are 
based upon Nutting’s measures of visual sensibility for the normal 
eye, 7, by (14), becomes a simple function of T. 

* Monthly Notices, 77, 605, 1917. Nutting’s measures of visual sensibility, which 


are the basis of Eddington’s calculation, are practically identical with the A.I.E. 
visibility-curve. 
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Results found by this equation may be checked by an equivalent 
formula derived by Hertzsprung in 1906. Starting from Planck’s 
law and the visibility measurements of Langley, Abney, and others, 
he found'* of 


jg=+2.3()°"teonst (15) 


in which ¢ is the second constant in Planck’s formula, for which 
the value adopted is 14300. Both (14) and (15) involve quadra- 
tures, and, starting as they do from entirely different observational 
data, independently discussed, provide an excellent numerical con- 
trol. How close the agreement is may be seen from Table XI. 


TABLE XI 


SURFACE BRIGHTNESS AND TEMPERATURE 


T M-Mg j JH Dai 
BQEAO™ scu,.ahoi eo svei61s +2.50 +6.32 6.32 0.00 
ZOOOME © creole +1.71 +4.72 +4.68 + 4 
BOOO talons ae +0.95 cape al +3.16 = el 
AROOs ae bee ie 0 +0.35 +1.60 1.58 + 2 
OG06 isroe cutacrs 0.00 0.00 0.00 ° 
BE OO onate eres Nee +0.02 —0.95 =0:.93 —- 2 
MOCO eacle. - sattes -+-o.12 —1.64 —1.62 — 2 
BOHOO: eactege sacs 0.31 —2.12 —2.09 —- 3 
E2OOO eter ster eteateie -+-0.53 —2.48 SBME —0.03 


The values of 1/—Mz have been taken directly from Eddington’s 
table. The maximum difference between the results from the two 
formulae is only 0.04 mag., which is ample. 

To connect these results with spectral type, Wilsing’s spectral- 
photometric measures of the reciprocal temperature, c/T, of 199 
stars? were plotted against their respective types. The ordinates 
(c/T) of the curve thus obtained are in the second column of 
Table XII. The corresponding effective temperature, T, and the 
surface brightness, 7, calculated by the foregoing formulae and 
expressed in magnitudes (© =o.00), are in the third and fourth 
columns, respectively. 


t Zeitschrift fiir wissenschaftliche Photographie, 4, 43, 1906. 
2 Potsdam Publikationen, No. 74, 1919. 
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With few exceptions, the stars in Wilsing’s list are all giants 
whose mean absolute magnitudes, with sufficient approximation, 
may be assumed to be zero. To extend the results to other lumi- 
nosities, use was made of the Mount Wilson color indices,* whose 
values are in the fifth and last columns of Table XII, those for the 


TABLE XII 


SpecTRUM, ErrEective TEMPERATURE, AND SURFACE BRIGHTNESS 


Grants, M=o DwarrFs 
Sp. 
6/T is | PE Serra or j wey 
BOR rea ite aise NODES ako} oo) a thes) [KOA eens lic ari nGuloocuc Zalloctenullbouce > 36 
IBS eee nek 1.43 | 10000 BNEAI— Os D7. oc esceilas secs] cs.0¥e or) acepshelers ltenereesteienens 
NOMEN tee T.55 | 9230 TSO!) OLOO| vie srcce| le stekewiell cue wreroes l(a hater eee 
IR Mer alird caesisis 1.76 | 8110 Teh S|A-O L1G) Lecciecllls wresetavell c eieeeeral ersietere ie | eerie 
HOw accuses 2.04 | 7000 OF88|0 “ONZSlwas wel cue atric ete tere oll setae bs | cae 
ES pease sndetoets 2.35 | 6080 |—o0.26] 0.62] 2.35 | 6080 |—o.26/+3.3 | +0.62 
(Gre) a Corie pan 2.70 | 5300 |+0.44| 0.86] 2.48 | 5770 | 0.00] 4.4 0.72 
Gorin 3.10 | 4610 I.24] 1.15] 2.60 | 5500 |-4-0.25| 5.2 0.83 
Once a tie 3.70 | 3860 2.41] 1.48] 2.93 | 4880 | 0.90] 5.9 0.99 
leery Areeten 4.37 3270 3.71] 1.84] 3.47 | 4120 TOO ae 120 
Sy Ee ere eee 4.65 | 3080 4.25| 1:88] 4.30] 3330 |4+-3.58|-+-0-9 |---1.70 
VED Eee ees 4.82 2960 P Wate) os tots] paeare eaes Paaren Il (aan Ala Ig tac. cl ini dion soc 
AVEC Astycnaee BGA | 28900 M/A OE fens oc.) citel|'c Sree, celles sts wveirellltyes ayers cell levers ae eee 


dwarfs corresponding to the mean absolute magnitudes in the 
column immediately preceding. The color indices were reduced 
to Schwarzschild’s absolute system,? whose relation to effective 
temperature is known. This gave the relation between the Mount 
Wilson values and the temperature for both giants and dwarfs. 
Owing to various necessary assumptions the temperatures thus 
found for the giant stars differ slightly from the adopted values 
given in the first half of Table XII, and this systematic difference 
was made the basis for reducing the calculated temperatures for 
the dwarfs to the adopted system of Wilsing. The results, in 

« These results, which have not hitherto been published, are still to be regarded 
as provisional. They take account of the important difference in color between 
giants and dwarfs, which cannot be disregarded in any discussion of the surface 


brightness of late-type stars. See Mt. Wilson Comm., No. 59; Proc. Nat. Acad. of 
Sciences, 5) 232, 1919. 


2 Gottingen Aktinometrie, B, 29, 1912. 
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the sixth column of Table XII, were then used to compute the 
corresponding values of 7 as before.* 

The difference in surface brightness between giants and dwarfs is 
large, and cannot be neglected. Unfortunately, the change in 7 
with absolute magnitude is not well determined, for this must be 
inferred from the behavior of the color indices, and the data avail- 
able at present do not extend to stars of the highest luminosity. 
This means that extrapolation will be necessary, and, in view of the 
consequent uncertainty, a simple linear relation of surface bright- 
ness to absolute magnitude has been used in the calculation of 7 
for all values of M not appearing directly in Table XII. 

The reliability of the foregoing results depends upon the possi- 
bility of representing the energy distribution in the spectra of stars 
of different types by means of the black-body radiation formula. 
It should be noted that it is not at all a question of agreement 
of the effective temperature, calculated from the radiation formula, 
with the true mean temperature of the radiating layers in the 
star’s atmosphere. In general these will not agree. The stars 
are not perfect radiators; further, general and selective absorption 
deforms the energy-curve to such an extent that effective tempera- 
ture cannot be an accurate measure of true temperature; but in 
the visible region the resultant curve seems to agree”? approximately 
with a black-body curve, although not with the curve corresponding 
to the true mean temperature. That being the case, the surface 
brightness is immediately calculable by the foregoing formulae, 
provided the effective temperature corresponding to the deformed 
curve is employed for the computation; and it is of course just 
this temperature which is given by Wilsing’s observations. 

t The values of j in Table XII may be compared with Opik, Astrophysical Journal, 
44, 296, 1916; Russell, Publications of the Astronomical Society of the Pacific, 32, 307, 


1920. Related questions are discussed by Wilsing, Potsdam Publikationen, No. 76, 
1920; Astronomische Nachrichten, 214, 185, 1921. 

2 See, for example, Wilsing, Potsdam Publikationen, No. 74, pp. 17,18. The mean 
systematic deviations of the observed values of the energy at different points in the 
visual spectrum from Planck’s formula are small. Further, Milne, Monthly Notices, 
81, 378, 1921, finds that the theoretical spectrum for non-selective absorption is 
practically identical with that corresponding to black-body radiation, the principal 
difference being a bodily displacement of the energy-curve, corresponding to a reduc- 
tion of 3 per cent in the constant of Wien’s displacement law. 
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The possibility of systematic error in the values of the temper- 
ature is more serious. Those for the B stars given in Table XII 
are almost certainly too small. The early-type stars in Wilsing’s 
list are not numerous, and the dispersion in the values of c/T is 
large. In fact, the data would be almost equally well represented 
by assigning a temperature of 12,000° to Bo, which would change 
j from —2.28 to —2.67. The value for Bs would also be slightly 
changed, but that for Ao can scarcely be modified without violence 
to the data." 

It will be noted that T for a Go giant is nearly 500° lower than 
that for a dwarf of the same spectrum. Some question as to the 
reliability of Wilsing’s measures has been felt because of the low 
value found for Go stars as compared with the probable temper- 
ature of the sun. But the objects observed by him are giants; 
with proper allowance for the sun’s absolute magnitude (4.85), 
the corresponding temperature from Wilsing’s data would be about 
5820°, which is not far from the values usually assigned, and 
indeed, agrees well with that derived by Abbot? from the solar 
constant (5860°). 

A partial control of the values of 7 in Table XII is afforded by 
Pease’s recent measures of the angular diameters of stars with the 
interferometer. In this connection, and for later use, it is con- 
venient to insert at this point the following formulae, all easily 
derived, expressing relations between the various physical constants 
of a star: angular diameter (d), linear diameter (D), mass (J), 
density (), apparent (m) and absolute (M) magnitude, and surface 
brightness (7). 


log d=o0.2 (j—m)—2.061 (16) 
log D=o.2 (j—m)—log t—0.030 (17) 
log D=0.2 G—M)+0.970. (18) 

D=107.44/r (19) 

J=5 log d+m+10.30 (20) 
log p=log M—3 log R+o0.14 (21) 
log p=log M+0.6 (M—j)—2.77 (22) 


«See also Rosenberg, Abhandlungen der Kaiserl. Leop.-Karol. deutschen Akademie 
der Naturforscher, 130, No. 2, 1914. 


2Op. cit., p. 114. 
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These formulae give d in seconds of arc, D and J% in terms of 
the solar diameter and mass, and 7 in magnitudes, the value for 
the sun being 0; the unit for p is the density of water. The 
numerical constants depend upon the following data for the sun: 
D=865,000 miles, d= 1920”, distance from earth 92,930,000 miles, 
m= —26.72, M=+4.85. Equations (16) and (17) are the equiva- 
lent of formulae already given by Russell.* 

Proceeding now to a comparison with the results of Pease’s 
measures, we have the data in Table XIII. The “observed” 


TABLE XIII 
COMPARISON WITH MEASURED ANGULAR DIAMETERS* 


a Orionis a Bodtis a Scorpii 
So ge cit Gatien Gn Ma Ko Map 
LS nad Shoe Ste aero tee +o.9 +o.2 +1.2 
Fa ene i ash CeO GORE DIN De ORE 07020 07095 070085 
Is Morin Seta eee ee oie piece —2.6 +o.1 —4.2 
DA Pease) wan cee oie oas 01047 01022 o%o40 
Obs. 7, equation (20)....... +4.6 +2.2 +4.5 
Galery lable sxaila.4.5 occu +4.4 +2.4 +4.5 
OC persia eu ene ne +o0.2 —0.2 0.0 
Obs. D, equation (19)...... 252 25 506 
Cal. D, equation (18)....... 235 27, Eyre) 
AD prOxe Nou (BIg43) ae sere 8 3 15 


Approx. log p (Fig. 3)...... —6.2 —3.8 —6.6 


* Michelson and Pease, Mt. Wilson Contr., No. 203; Astrophysical Journal, 
53, 249, 1921. Pease, Publications Astronomical Society of the Pacific, 33, 171, 
204, 1921. The parallax of a Scorpii assumes it to be a member of the Scorpius 
group. The other two parallaxes are weighted mean values. 


values of 7 derived from the angular diameter by (20) are in the 
sixth line of the table. Immediately below are the calculated 
results interpolated from Table XII. It seems unlikely that the 
mean systematic difference for O—C will exceed one- or two-tenths 
of a magnitude. The effect of darkening at the limb has not been 
taken into account, either in the measures of d or in the calculation 
of 7. Nor has the question of a possible differential effect from 
this source upon the observed and calculated values of 7 been con- 
sidered, for it is evident that this cannot be large. 

It is of interest, further, to compare the values for the linear 
diameters calculated from the measured angular diameter by (19) 
with those derived from (17) or (18) with the aid of the adopted 


t Publications of the Astronomical Society of the Pacific, 32, 307, 1920. 
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values of 7. The results are in the third and fourth lines from the 
bottom of table. On the whole, Pease’s measures afford an excellent 
confirmation of the surface brightness found for late-type stars of 
high luminosity, and at present there seems to be no observational 
evidence which would justify a modification of the values adopted.* 


II. DISTRIBUTION OF DENSITY 


The densities are now easily calculated by equation (22) with 
the aid of values of j from Table XII. The results for stars on the 
dwarf branch, including the B’s, are in the fourth column of Table 
XIV, which also gives values for the mean linear diameters D found 


by (18). 


TABLE XIV 
Luminosity, Mass, MEAN DENSITY, AND DIAMETER 


(Units for M% and D are values for sun; for p, that of water) 


Dwar¥F BRANCH Giants, M=o Giants, d4=10 
dM p D MM p D M p D 
Io OOA4SiN Ov SU in ccclllevsjerousievetareners 3.2 | —1.2 | 0.08 6 
8.3 0.20 | 3.8 8.2 | 0.26 3-5 | —1.8 | 0.03 8 
6.0 0.36 | 2.8 7.0 | 0.16 3.9 | —2.4 | 0.008 12 
4.0 0.40 | 2.4 5.6 | 0.071 4.8 | —3.1 | 0.002 20 
2.5 ©.40 | 2.0 4.3 | 0.025 6.2 | —3.6 | 0.0004 32 
b 0.36 |>x-8 3.2 | 0.0078 8.3 | —4.0 | 0.0001 52 
I.0 0.68 | 1.26 | 2.6 | 0.0025 Ir.5 | —3.9 | 0.00002 83 
0.76] 1.2 0.96 | 2.8 | 0.00087 17 —3.3 | 0.00001 102 
0.68 | 1.3 0.89 | 3.0 | 0.00018 28 —2.3 | 0.00001 107 
0.62 | r.4 0.83 | 2.6 | 0.000026 SE —2.2 | 0.000002 182 
0.59 | 5.4 0.54 | 2.0 | 0.0000096 | 66 —3.0 | 0.0000006 | 288 


For the determination of the equal-density lines (dotted) shown 
in Figure 2, values of M were read from each mass line in the 
diagram for every half-interval of spectrum. The use of (22) then 
gave the values of log p corresponding to each of these points in the 
sequence of spectral type. Plots of these résults—log p against 
spectrum—then led to a series of curves, one for each integral 
value of the mass (also one for 46=1.5), from which were read 
spectral types corresponding to integral values of log p. The 

t Mr. Pease has kindly placed at my disposal provisional results for three other 
stars. The observed and theoretical values of 7 and d, or D, are here also in excellent 


agreement, although the accidental deviations are larger than those shown in Table 
XII. 
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corresponding points were marked on the diagram and connected 
by the dotted lines shown in the figure. 

Within the limits considered, and with the exception of that for 
log p=—1, the curves*of equal density are sensibly linear; the 
regularity of their spacing is remarkable. Including the line for 
log p=—1 from As onward through the later types, the mean 
density corresponding to any given spectrum and absolute magni- 
tude is represented by the formula 


log p= —1.22 S+0.57 a 


(S=o for Bo, 1 for Ao, etc.) (23) 


with a probable error of about 15 per cent, over a range in p extend- 
ing from 0.1 to 0.000001. 

The question now arises as to what means can be found for 
testing the validity of these results. Some control is obviously 
necessary, for with the exception of the masses and densities along 
the dwarf branch, the whole scheme of mass and density distribu- 
tion depends upon the assumed applicability of the principle of 
equipartition. In this connection, the eclipsing variables, many 
of which are known to be of exceptionally low density, immediately 
suggest themselves as suitable for a test. The weak point, however, 
is that we do not know their absolute magnitudes, except in a 
very few cases. Any attempt to use hypothetical absolute magni- 
tudes fails, because it involves an assumption for the mass, and 
this, as shown by (22), is equivalent to a direct assumption for 
the density. 

Some general indications, however, can be obtained. With 
slight revisions of spectral classification, Shapley’s data* for the 
densities of eclipsing variables give the following mean values: 


Sp. p No. Stars 
B6 0.12 15 
Ao-+ 0.20 48 
F (dwarfs) 0.35 9 


For these groups of B and A stars the values of log p are —o.9 and 
—o.7, respectively. From Figure 2 the corresponding values of M 
are seen to be —o.6 and +0.2. These are of the order to be 


t Contributions from Princeton University Observatory, No. 3, Pp. 124, 1915. 
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expected, and are obviously possible values. The value p=0.35 
for the F-type dwarfs agrees closely with that found here for Fs, 
namely, 0.39. For the dwarfs the dispersion in absolute magnitude 
is so small that lack of knowledge of the luminosities gives rise to 
no appreciable error. 

These results are all satisfactory, as far as they go, but they 
do not reach that part of the diagram which is involved in the 
greatest doubt, namely the region of very high luminosity and 
exceptionally low density. On the other hand, if the validity of 
the mass and density distribution can once be established, the 
densities of the eclipsing variables should give a reliable determi- 
nation of their distances. Fortunately, the uncertainty can be 
removed to a large extent with the aid of the Cepheid variables. 


I2. REVISION OF MASSES AND DENSITIES BY MEANS OF 
_CEPHEID VARIABLES 


There are still difficulties connected with the pulsation hypothe- 
sis as a means of explaining Cepheid variation, although there 
seems little doubt that, in some form or other, it must be used to 
account for the changes in brightness of these stars. That being 
the case, the mean density must vary inversely as the square of 
the period. Hence‘ 

log p= —2 log P+ const. (24) 


Further, the period-luminosity relation? 
M=f (P) (25) 


t The exact form of the relation of density to period as applied to Cepheids is 
possibly open to some question. Emden, Gaskugeln, p. 451, 1907, finds for ellipsoidal 
oscillations of a polytropic gas sphere 


Pa(mp)* 


where m is the order of the harmonic oscillation; the important vibration corresponds 
to m=2. Eddington, Monthly Notices, 79, 2, 1918; 177, 1919, discusses pulsations 
which are symmetrical about the star’s center and finds a result equivalent to (24), 
with the exception that the constant is replaced by a slowly varying function of the 
specific heats and the ratio of radiation-pressure to gravitation, the latter increasing 
with the mass. For a first approximation we may adopt (24). 


2 Shapley, Mt. Wilson Contr., No. 151; Astrophysical Journal, 48, 89, 1918. 
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determines the absolute magnitude. With M and the spectral 
type as arguments, log p and J% can be interpolated from the 
mass-density diagram. Then, 

a) The interpolated values of log » may be compared with 
those calculated by (24), the constant being adjusted to give the 
best representation of the densities of the entire group of stars. 
Since the range in p as determined by (24) is from about o.1 to 
0.00001, the control on the densities should be effective. 

6) Having determined the constant in (24), we may write (22) 
in the form 


log M=—2 log P—o.6 (M—j)-+ const. (26) 


which expresses the mass of a Cepheid variable as a function of its 
period and surface brightness, for, by (25), M is a function of the 
period alone. The values of J% interpolated from the diagram may 
be compared with those calculated by (26). This checks the 
distribution of mass. 

c) Finally, with spectral type and log p calculated from (24), 
we may interpolate M from the diagram. The absolute magnitudes 
thus found may then be compared with the period-luminosity 
relation (25). This is not an independent test, but exhibits the 
results of (a) in a different form. 

Because of the enormous range in the density, the application 
of these tests will mean little except in the case of stars of accu- 
rately determined spectra. This makes trouble at once, for the 
type of a Cepheid, in so far as determined from the hydrogen lines 
at least, varies with its brightness, as was first clearly shown by 
Pease’s? observations of RS Bodtis. Isolated determinations of 
spectrum based on the appearance of these lines are therefore 
unsuitable for the comparisons. Adams and Joy,’ on the other 
hand, have shown that many spectral characteristics change little 
or not at all as the light of the star varies; their ‘‘estimated” 
spectral classes are practically independent of phase. 


t Publications of the Astronomical Society of the Pacific, 26, 256, 1914. 
* Mi. Wilson Comm., No. 53; Proceedings of the National Academy of Sciences, 4, 
129, 1918. 
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The list of spectroscopic parallaxes' includes twenty-nine 
Cepheids for which estimated types are available. One of these, 
RY Bodtis, although usually classed as a Cepheid, does not show 
Cepheid spectral characteristics and has an absolute magnitude 
at variance with that derived from the period-luminosity relation. 
Further, three cluster-type Cepheids, SU Aurigae (8.7), SU Draconis 
(9.2), and SW Draconis (10.0), and the long-period Cepheid 
V Vulpeculae (8.6) are so faint that the types assigned are less 
certain than the others. The classification of faint stars, observed 
with low dispersion, is likely to be influenced to some extent by 
the hydrogen lines. The case of V Vulpeculae, moreover, is 
peculiar. The light-curve is irregular; and the period-luminosity 
relation leads to a value of M which not only differs widely from 
that derived from the spectrum, but falls outside the limits of the 
mass-density diagram. These five stars were therefore excluded,’ 
leaving a total of twenty-four. 

These data are supplemented by Shapley’s results for twenty 
Cepheids, based on systematic observations of spectral characteris- 
tics that do vary with the changes in light. The median value of the 
type, which was used for the discussion, is about 0.3 of a spectral 
interval earlier than the estimated spectrum. 

This difference will lead to different values of the constants 
in the foregoing formulae, unless the value of M and the spectral 
type are referred to the same phase. Thus, the estimated type 
agrees with the hydrogen-line type at, or very near, the time of 
minimum brightness (estimated minus hydrogen-line type at 
minimum =—o.1 spectral interval). Hence for the comparisons, 
the minimum, and not the median M (the period-luminosity relation 
gives the latter), should be associated with the estimated spectra. 
The simplest procedure, however, is to use the median M and 
subtract 0.3 of an interval from the estimated spectra before 

* Mt. Wilson Contr., No. 199; Astrophysical Journal, 53, 13, 1921. 


?It was not noted until after the comparisons had been finished that, on the 
criterion of brightness, W Serpentis (9.0) should also have been excluded. 

3 Mt. Wilson Contr., No. 124; Astrophysical Journal, 44, 273, 1916. In general 
the means of the limiting values of the type as given by Shapley have been adopted. 
Deviations from this rule occur in a few cases where the distribution of the observa- 
tions is such that the mean does not correspond to median brightness of the variable. 


408 


THE MASSES AND DENSITIES OF THE STARS 43 


making interpolations from the diagram. Sixteen stars are com- 
mon to the two lists, but owing to the different methods of classi- 
fication used, the duplicate observations have been treated as 
separate stars. 
The results of the application of tests (a), (b), and (c) are 
summarized in Table XV, which gives the range in log p, log M%, 
TABLE XV 


REPRESENTATION OF MASSES AND DENSITIES 
Equations (24) TO (26) AND FIGURE 2 


AVERAGE DIFFERENCE 


Test RANGE 
Est. Sp. H.L. Sp. 
(a) log p......!| —1.1 to —4.8 0.15 +0,18 
(b) log M..... 0.46 to 1.28 0.15 0.16 
et eae Sx —0.3 to —4.7 +=0.30 £0.32 


and M over which the comparisons were made, and the average 
differences resulting therefrom. ‘Thus, on the basis of estimated 
spectra, formula (24) represents the density distribution in Figure 2 
over a range in log p from —1.1 to —4.8, with an average difference 
of 0.15. Similarly, the values of M interpolated from the diagram 
in the interval —o.3 to —4.7 agree with those from the period- 
luminosity relation within +o.30 mag. We conclude at once 
that the masses and densities derived with the aid of the principle 
of equipartition are of the right order of magnitude, at least as far 
as type G3, which is the latest occurring among the Cepheids used. 

A classification of the differences in log p and log % according 
to M, which is also more or less a classification according to spec- 
trum, revealed, however, the presence of systematic divergences. 
These run from about —o.18 (at M=—o.7, A8) to +0.18 (at 
M = —3.8, F8) in the logarithms of both quantities. The algebraic 
signs mean that the range of mass in Figure 2, for a given interval 
in M, is too small, that the masses of the most luminous Cepheids 
are larger, and those of less luminous stars smaller, than the values 
given by the diagram. The density lines, on the other hand, are 
too closely spaced. 

These differences were made the basis of a readjustment of the 
lines of mass and density. The percentage divergence in p and JG 
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is the same, as it must be by (22), but since the scale for M is much 
larger than that for p (in passing from one curve to the next the 
mass changes by one unit while p changes tenfold), the adjustments 
were made in the mass-curves, the densities being computed by 
(22) as before. The masses and densities along the dwarf branch, 
of course, remain unchanged. 

The result of several trials is the diagram shown in Figure 3. 
A repetition of tests (a), (b), and (c) gave the differences shown in 
the last six columns of Table XVI, the first column under each of 
the headings log p, log 4, and I referring to estimated spectra, the 
second to those based on the hydrogen lines. The average differ- 
ences have been reduced to about two-thirds their original values, 
while the run in the differences has disappeared. ‘Thus for four 
groups of eleven stars each, the mean systematic values are: 


Mrs tote seore wha ater —aaO ae =e) —3.6 
SP ects operas Fo F6 F7 F8 

LOS Pie. Seki one seas —0o.01 —0.03 | +0.02 +0.02 
log Moy ici. stesrtars where —0.02 —0.01 —0.04 ©.00 


The comparison of the interpolated values of M with the period- 
luminosity relation is shown graphically in Figure 4. 

In this connection it will be noted that values of M interpolated 
from the diagram with log p and the type as arguments are sensitive 
to uncertainties in the spectra. The relations are such that the 
average difference +o.2 in M (Table XVI) corresponds to o.1 of a 
spectral interval (see equation [23]). The normal uncertainty of 
classification therefore accounts for nearly all the deviation shown 
by individual stars in Figure 4. 

The principal change in the diagram has been the depression 
of the mass-curves near Go and the change in their curvature in 
the region of the early types. Since the data for the Cepheids do 
not extend beyond G3, the lines through types G to M have been 
left much as in the original diagram. As will be seen later, there is 
some evidence favoring the reality of the minimum near Ko. 
If the reductions to bolometric magnitude given on page 30 be 
applied, the variation of mass with spectrum becomes fairly 
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regular, the course of the topmost line (%=10) being indicated by 
the dotted curve in Figure 3. 
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Fic, 3.—Distribution of mass and mean density, revised with the aid of Cepheid 
variables. The dotted curve at the top indicates the reduction to bolometric absolute 
magnitude for late-type stars of mass 10. 
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The curves of equal density are little changed. ‘They still 
remain sensibly linear, but are no longer so closely parallel. 
Formula (23) has not wholly lost its applicability, for it still 
expresses approximately the relation of density to spectrum and 
absolute magnitude, though less accurately than before. 

It will be noted that the densities along the dwarf branch are 
consistent with the values demanded by the density-distribution 
defined by the lines log p=o, —1, —2, etc. In other words, if we 


-05 logP 0.0 +0.5 +1.0 Hh 


Fic. 4.—Absolute magnitudes of Cepheids interpolated from Fig. 3 with spectral 
type and log »p from equation (24) as arguments. Circles, ‘‘estimated”’ spectra by 
Adams; points, hydrogen-line spectra by Shapley. The curve is Shapley’s period- 
luminosity relation. 


interpolate, say, for the value log p=—o.4 (p=o0.4) along the 
line 4%=6, we find the point where it belongs, namely, on the 
dwarf branch. This detail is of some importance because it shows 
that the constants in the formulae for log p and log J%~ have been 
correctly determined. The spacing of the lines is fixed by the 
periods of the variables; their position as a group, by the condition 
that they must be consistent with the densities adopted for the 
dwarfs, whose values are independent of any assumption as to 
equipartition. 

Presumably the diagram in Figure 3 is to be preferred to that 
in Figure 2. Certainly that is the case when Cepheid variables 
are concerned; and it seems likely that this holds also for the 
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stars at large. The mass lines in Figure 2 pass through the points 
defined by the energy-constant and the velocities; no allowance for 
observational uncertainty by smoothing between the types was 
attempted; and with the exception of the terminal points on the 
dwarf branch everything preceding F5 is an extrapolation. On the 
other hand, an assumption of comparability is here involved, and 
it is perhaps worth remarking that if we reject the original diagram, 
we may thereby exclude relations between mass, density, lumi- 
nosity, temperature, etc., which differentiate stars of constant 
light from Cepheid variables. 

In view of the tentative character of the results, a detailed 
tabulation of the mass and density relations is unnecessary; 
Figure 3 will answer all practical purposes to which the results 
can be adapted. The data for the dwarf branch given in the first 
part of Table XIV, which are the most reliable, have already been 
referred to. To these have been added, by way of numerical 
illustration, results for the giants of zero absolute magnitude and 
for those whose masses are equal to 10." 

As a further illustration, the masses and densities corresponding 
to the spectra and absolute magnitudes of the individual stars 
measured by Pease with the interferometer have been given in the 
last lines of Table XIII. As a source of error, the values of M 
for these stars are probably as serious in respect to mass and density 
as the uncertainties of Figure 3 itself. Equation (22) shows that 
an error of 0.5 in M means an uncertainty factor of 2 in the density, 
whereas it seems unlikely that values from the diagram should be 
in error by so large an amount. In the case of an individual star, 
dispersion may of course enter, since the diagram gives mean 

tSince the displacement of spectral lines required by relativity is proportional 
to J¢/R (R=radius of star) the results in Table XIV have a direct bearing on this 
question. The values of M%/R do not run parallel to those of the K-term. Hence 
this term cannot be wholly identified with the relativity displacement, although the 
latter may of course be involved. As an illustration, the K-term for the B stars is 
about four times that for the A’s. The ratio of the displacements on the other hand 
would be about 1.3. The most extreme deviation, however, is found by comparing 
the B’s with the giant M stars. Their K-terms are of the same order of magnitude, 


whereas the red-displacement of the lines in M stars should be of the order of 0.01 
that of the B’s. See footnote No. 2, p. 27. 
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values; but the probability of the occurrence of large deviations 
from the mean is small. 


Lee ON, DISPERSION IN THE MASSES OF CEPHEIDS 


From Shapley’s work it appears that, for the variables in 
globular clusters at least, the deviations in M from the values 
determined by the period-luminosity relation are of the same order 
as the observational errors in the apparent magnitudes,’ which 
of course must be used for any comparison. Practically, therefore, 
M is uniquely determined by P. Hence, by (26), the dispersion 
in the mass is related to that arising from such differences in 7 
as may be associated with the same value of P, and it is an observa- 
tional fact that the latter are small. 

Direct evidence is also afforded by the comparison of the values 
of M for the Cepheids calculated by (26) with those interpolated 
from Figure 3. The average difference in log % is 0.10, corre- 
sponding to about 25 per cent in M%. But what part of this may 
be attributed to uncertainty in the spectrum ? 

With proper allowance for the systematic difference of 0.3 
between the hydrogen line and estimated spectra, the internal 
agreement is such as to indicate an average uncertainty of 0.05 
of an interval. Assume an adopted value of the type to be too 
late by this amount. From (26) 


Mod. a= +0.6 dj. (27) 


For the region Fo-Go, 7 increases about 0.07 for the assumed 
increase in the spectrum. Hence, the calculated % will be 10 
per cent too large. On the other hand, we find from Figure 3, 
for Fs, M = —2.5, as anaverage, that the same error in the spectrum 
leads to an interpolated M% about 3 per cent too small. The 
resulting errors are in opposite directions; whence, in the difference, 
the uncertainty becomes 13 per cent. 

This average percentage error, combined with the dispersion 
and the errors of interpolation, must equal the average deviation 


t Mt. Wilson Contr., No. 151, p. 26; Astrophysical Journal, 48, 114, 1918. 
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of 25 per cent from the mean masses of the diagram. Neglecting 
the interpolation errors, whose inclusion would make the dispersion 
still smaller, we find the probable dispersion r(¢) =19 per cent. 
As far as the evidence goes, we should therefore expect one-half 
the Cepheids to have masses lying between 0.8 and 1.2 times the 
mean mass. Since the Cepheids are a very special class of objects, 
it would be too much to assume that this result holds for all classes 
of stars (see Section 7). 


I4. MASSES AND DENSITIES OF CEPHEID VARIABLES 


The calculated values of the masses and densities used for the 
comparisons with the diagram of Figure 3 have been collected 
in the sixth and seventh columns of Table XVI, while their 
deviations from the adopted distribution are in the following 
columns. The formulae used are: 


log p= —2 log P—1.90 (29) 
log M=—2 log P—o.6 (M—j)+0.87 (30) 


in which the constants are the means for the two sets of data, 
the individual values differing by only 0.02. In case the spectral 
type is the median value derived from the hydrogen lines, the 
median value of M, given directly by the period luminosity rela- 
tion, is to be used. For estimated spectra, the minimum WM is 
required, although it is simpler to subtract 0.3 from the estimated 
spectrum and use the median M. 

The values of both density and mass depend upon the assumed 
constancy of the numerical term in (29), but this assumption 
apparently leads to results of the right order, although for stars 
of short period the percentage deviation may be considerable. 

For individual stars the calculated values are probably to be 
preferred to those interpolated from Figure 3. This follows not 
merely because of the dispersion in mass, but also because the 
differences for stars having determinations based on both estimated 
and hydrogen-line spectra are almost always of the same sign. 
This indicates real deviations from the mean distribution, in addi- 
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tion to those arising from the unavoidable errors of spectral classi- 
fication. In such cases the values from (29) and (30) are likely to 
be nearer the truth than those derived from the diagram. 

The results in Table’ XVI, both calculated and interpolated, 
may be compared with the masses and densities derived by Edding- 
ton for certain Cepheids on the basis of his theory of radiative 
equilibrium. The agreement shown by Table XVII is remarkable 


TABLE XVII 


COMPARISON WITH EDDINGTON’s RESULTS FOR CEPHEID VARIABLES 


Mass Mean DENSITY 
STAR ‘ 

Eade Eq. (30)] Fig. 3 | Eddington | Eq. (29) Fig. 3 
WCITIES Pete Sones a tes os see oy |p ae bape || ako) ©.000080 |0.000044 |0.000032 
Ree MIOMADI Scio. oer oe as Pats || (lex || —Yfexoy || KolereWos . 00012 .O0014 
aut ROre mn acs. ie kite ware Seal al Yat || Kee) || sletetohir' .00018 .00013 
AU ARS EYES 2 2 ay |} Bothlp Weg |) selelete .00022 .00025 
BTEC Oars etareune aie o's wie cor Bree ede Sn On el 00033 .00024 .00028 
PRESAPICLATIE go crlvic sec. sree a Ser ALoYy| 6.4 | .00025 .00025 .00038 
Vip OCUE TANI e rc chs og vistors eiare Aaah Oe Aue 5i150)|(esOCO2/7 .00038 .00021 
SS (CSU VET 2S ae ae eee tee AsOumOn2 Re 3 eOCOS2 .00044 .00045 
paVclpeenlacin cs. acaeccsus. 3300 85.2 Gets} eeOOO7 2 .00063 .0007I 
SU CAG tires ee aca OO Ieee Zee || 50) || Gave) |pwetonteye). |) colette .0013 
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SD MASSIOPEIAG oie, ers vs oalerechs Pee NL Bie) || Geel || xeropte! .0033 .0045 
RUM Ae Olena Ge store ah oi tascals ia. Eoypl| ued I) “Sul Kegovss 0.038 0.033 


when it is considered that the two methods approach the problem 
from entirely different directions. There are a few cases of serious 
discordance, and some systematic divergence, but nothing so large 
as might have been expected. The agreement with (29) has been 
commented upon by Eddington himself. 

The geometrical mean mass of the twenty-four Cepheids in 
Table XVI is 6.2, which happens to agree almost exactly with that 
derived from the principle of equipartition. This can scarcely 
be more than accidental, however, for the velocities of only fifteen 
of these stars are available. 


1Monthly Notices, 79, 5, 1918. 
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I5. AVERAGE HEAT CONTENT AND CEPHEID VARIATION 


On the basis of the theory of radiative equilibrium Eddington* 
finds for the central temperature of a star 


T. x pido? Bm (3 9) 


where p is the mean density, 6 the ratio of radiation pressure to 
gas pressure, and m the atomic weight which is here assumed to 
be constant. The formula may also be written 


T,« se (32) 
R being the radius. R=D/2 is given by (18) or an equivalent 
expression; 6 is a function of J¢, and % in turn appears in his 
formulae as a function of the luminosity alone, which can be obtained 
from (25). J, can therefore be calculated for any star. For 
thirteen Cepheids with periods ranging from 2 to 17 days Edding- 
ton? finds that T,/8 is sensibly constant. There are accidental 
deviations, but no progressive change. Moreover, for two theo- 
retical stars with periods of 4.5 and 30.8 days the values of T./8 
are practically identical. This suggests as a possible condition for 
Cepheid variation 


= const., or pd%?=const. (33) 


Since M%?/R is proportional to the total heat-content of a star, 
the physical significance of (33) is that the average heat-content 
per unit mass is a constant, or, in another form, that the gravi- 
tational potential at the surface of the star is constant for the 
Cepheids. Shapley’ has discussed this condition from the stand- 
point of the relation of period to absolute magnitude and finds 
agreement with the observed period-luminosity relation (25). 
We may proceed somewhat differently by combining (24) and (26) 
in accordance with (33). This gives the theoretical period- 
luminosity relation 

M=-—s5 log P+j-+const. (34) 

t Monthly Notices, 77, 601, 1917. 2 Ibid., 79, 5, 1918; 181, 1919. 

3 Jeans, Problems in Cosmogony, p. 191, 1910. 

4 Mt. Wilson Contr., No. 190, p. 7; Astrophysical Journal, 52, 79, 1920. 
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A comparison of the values of M from (34) for the twenty-eight 
stars in Table XVI with those from the observed relation, (25) 
above, gives results which are shown graphically in Figure 5. 
The agreement is not good, the divergence amounting to about a 
magnitude between log P=o.25 and 1.5, with even larger differ- 
ences for the cluster-type Cepheids, which are not shown in the 
diagram. 


Fic. 5.—Absolute magnitudes of Cepheids based on the assumption of constant 
average heat content. The points are values for individual stars from equation (34). 
The circles, from equation (36), show the agreement with Shapley’s period-luminosity 
relation when the term involving the specific heats in Eddington’s expression for the 
density is included. 


It will be noted that (33) is an empirical result which follows 
from an application to Cepheids of the period-luminosity relation 
(25) and the general theory of radiative equilibrium, but its 
derivation does not in any way involve the theory of Cepheid 
variation itself. If valid, it ought, however, in combination with 
the latter theory, to lead back to relation (25). But the compari- 
son, 2s made, does not give complete agreement. Since the 
theory of Cepheids has entered only through (24), the difficulty 


419 


54 FREDERICK H. SEARES 


presumably lies with that equation, which has been assumed to be 
applicable. If instead we use the corresponding relation derived by 
Eddington’ himself, the difficulty disappears. For (24) we must 
substitute 

log p=—2 log P—2 log (ya)#+ const. (35) 


where (ya)? is a function of 6 and of the ratio of the specific heats, 
and changes slowly with the mass. With this emendation, (34) 


becomes 
M=-—s5 log P+j—s log (ya)?+const. (36) 


The factor depending on the specific heats enters to the fifth power 
and thus becomes important. Its neglect in (34) causes the 
divergence shown by Figure 5. 

The necessary corrections are easily calculated, however, with 
the aid of Table V of Eddington’s paper. The values of 1—6 
required for the interpolation of (ya)? are given in M.N., 77, 602, 
1917, under the heading ‘‘ Molecular Weight 2,” with the mass as 
argument. For M% we may use the values in Table XVI, or more 
consistently with the present procedure, we may calculate J from 


log M=—o.2 (M—j)+ const. (37) 


which follows at once from (18) and the condition J¢<R given by 
(33). The latter method was adopted, the constant in (37) being 
determined so that the mean J from (37) agrees with that from 
the diagram in Figure 3. We are interested only in the variation 
of (ya)?, which is practically the same for all possible values of the 
ratio of specific heats. I'=14 was used, however, since Edding- 
ton’s results show that this agrees well with the data of observation. 
With the constant in (36) equal to 1.48, the values of —5 log (ya)? 
are as shown in the third column of Table XVIII. The sums of 
the remaining terms on the right of (36) are given in the second 
column under the heading M,. These are the co-ordinates of the 
dotted curve in Figure 5 and were read directly from a large-scale 
diagram. ‘The calculated values of M from (36) (fourth column) 
when compared with those from (25) give the residuals in the last 


* Monthly Notices, 77, 15, 1918. 
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column of the table. For values of P between 3 and 30 days the 
agreement is very close. For P<2 days there is still a large 
divergence, but that is to be expected. For all but the cluster- 
type Cepheids, therefore, the theoretical relation (36) is practically 
the equivalent of the observed period-luminosity relation (25). 


TABLE XVIII 


THEORETICAL AND OBSERVED PERIOD-LUMINOSITY RELATION 


M 
Log P M, —s5 log (ya)? O-C 
(36) (25) 
O25 —0.45 —=0©.45 —0.90 —1.08 —0o.138 
0.50 —=T750 —=07; 20 156) aby, IS) +0o.0r 
0.75 — 2.25 —0o.08 Soe 2720 +0.07 
I.00 ee 0.15 —3.19 aes +0.04 
2.25 —4.43 +0.45 =3.08 —4.05 —0.07 
I.50 =F 54 +0.68 —4.86 —4.95 —0.09 


Shapley’s discussion referred to above starts with the assump- 
tion of constant heat-content and leads to a theoretical relation 
which agrees well with (25), but does not involve Eddington’s 
theory of Cepheids because his comparison is based on equation 
(24) instead of (35). The close agreement found by Shapley is 
due partly to the fact that his final formula neglects 2.5 log (ya)? 
instead of 5 log (ya)?, which by itself would lead to a divergence 
from (25) equal to one-half that shown in Figure 5, and partly 
to his readjustment of the mean atomic weight. 

The matter is of interest from two or three points of view: 
First, because it shows the consistency of Eddington’s theory of 
Cepheid variation with the general theory of radiative equilibrium, 
in that it is necessary to include the term depending on the specific 
heats in order to work back to the observed period-luminosity 
relation which was one of the premises; and second, because it 
exhibits the empirical result (33) in another form and possibly 
gives weight to the suggestion that constant average heat-content 
may be a determining circumstance in Cepheid variation. 

The fact that the term which has been under discussion enters 
to so high a power subjects Eddington’s theory of Cepheid varia- 
tion to a severe test. Something of the sort is also true of the 
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empirical condition (33). Assume for a moment that the relation 
M« R is not exact, and suppose that all the variations which occur 
are thrown into the mass. The maximum systematic deviation 
in log MG, by (18), (22), and (37), will then be equal to 0.4 of that 
shown by the differences in the last column of Table XVIII, 
which is well within the uncertainty of the comparison. 

This close agreement justifies the mention of other relations 
which follow at once from the assumption of constant average 
heat-content, combined with the following equations of radiative 
equilibrium :* 

Ty g(x —B) « Mp! (1 —8) 
7 Tx Mép?B (38) 
I—B« JG7H4 


where T, and T, are the effective and central temperatures, respec- 
tively, g the acceleration due to gravity, and 1—8 the ratio of 
radiation pressure to gravitational attraction. Assuming M«R 


we find then 
M'p=c,; Mg=c,; Rg«c;; pxg?) ) 
T,<B; Tex T.deta Mip« T,p-¥| 39 


where c,, ¢,, and c; are constants. Further, with the aid of (35) 


Mx (ya)'P; Tex T-(ya)’Pt « B(ya)* Pt. (40) 


The relation T,< M8 is of special interest. Since 8 diminishes 
faster than J? increases, T, must decrease with increasing J%. 
The change for the range in M% shown above corresponds to an 
increase of about one spectral interval, which agrees well with the 
observed range in spectral type. At the same time M decreases 
from —1.2 to —5.1. 

The formulae of radiative equilibrium admit of no dispersion 
in the case of individual stars. This is also true of the relations 
(39) and (40) for the Cepheids. In the case of the masses and 
densities, we have already found reasons for believing that this is 
not strictly in accordance with the facts. Although the dispersion 
is small, it is in part undoubtedly real, for at present the theory 
necessarily neglects the modifications of gravitational acceleration 


*Eddington, Monthly Notices, 79, 180, 19109. 
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produced by the rotation of the stars on their axes, which must 

influence the relation of radiation to other stellar characteristics. 

16. RELATION TO RUSSELL’S FREQUENCY DIAGRAM—REMARKS ON 
THE DISTRIBUTION OF MASS AND DENSITY 


The justification for the discussion of Eddington’s theory of 
Cepheids in this place is the light thrown upon the distribution of 
mass and density. Equations (35) and (37), for example, afford 
a basis for a further revision of the mass- and density-curves; 
but an additional approximation seems scarcely justified at present. 
Table XVII shows already a surprisingly good agreement between 
his results and those in Figure 3. Further modification would 
affect mainly the stars of masses 1o or larger, and these are not 
numerous. Moreover, Eddington himself has repeatedly empha- 
sized the fact that his theory is but a first approximation, in that 
certain simplifying assumptions had to be introduced in order to 
make a beginning. Figure 3 is therefore allowed to stand as it is 
for the present, although the data in Table XIX are added to show, 


TABLE XIX 


Mass, ABSOLUTE MAGNITUDE, AND SPECTRUM, EDDINGTON’S THEORY OF CEPHEIDS 


dt M Sp. dt M Sp. 
DP te ccs 9s —0.9 Fr.o LOn eateairas —3.4 F8.0 
Rites ors spel: —I.4 F4.0 TO Se niparer —3.6 F8.4 
Ta eee ee —1.9 Fs.2 ES i psieccrsteres i —4.0 F9.0 
Gi oe —2.5 F6.5 DOr feeder: —4.6 F9.3 
See oniec se —3.0 1p Be weer. —5.1 F9.6 


The values of the masses are adjusted to give a mean value equal to that derived from Figure 3. 


in a general way, what would result, for the Cepheids at least, from 
rigorous application of the theory. The values of M and the 
spectrum may be regarded as co-ordinates for the location of corre- 
sponding values of J% in a diagram similar to Figure 3. 

It is, of course, not to be supposed that the stars are uniformly 
distributed along the mass-curves of Figure 3. In general they 
cluster about certain lines of maximum frequency which, with one 
exception, bear little relation to the lines of equal mass. The most 
conspicuous of the frequency lines is that defined by the dwarfs, 
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which continues through the A’s and joins smoothly with the line 
of maximum frequency of the B stars. Along this line we have 
found a regular decrease in the average mass with increasing 
spectral type and absolute magnitude. 

The number of A stars of very high luminosity seems to be 
relatively small.t_ If this is really the case, there must be a region 
of low frequency in the diagram between the most luminous B’s 
and the very bright giants of the later types. Beyond Fo the 
giants fall into two groups, the Cepheids and pseudo-Cepheids, 
and a large group of G, K, and M stars whose absolute magnitudes 
lie mainly. between M=—o.5 and +2.5. The Cepheids and 
pseudo-Cepheids attain very high luminosities and show a rather 
definite correlation line running approximately from M = —o.4, F4, 
to M = —4, G8, which in general cuts the mass lines obliquely. For 
the Cepheids alone, its course is determined by the intersections 
of the mass lines of Figure 3 with those defined by equation (37), 
which, empirically at least, is a condition of Cepheid variability. 

The frequency line for the second and more numerous group of 
giants seems, on the other hand, to be definitely related to the 
distribution of mass. It has a clearly marked minimum at Ko 
and coincides approximately? with the mass line %=2 as shown in 
Figure 3. The chief difference is a steeper descent from Go to Ko 
and an even more pronounced minimum than is shown by the mass 
line. The coincidence is probably significant, for Eddington 
finds on theoretical grounds that, among the giants, masses of this 
order of magnitude may be expected to have the highest frequency. 

t The frequency diagram of Russell for the helium stars of Kapteyn and the stars 


in the list of spectroscopic parallaxes is illustrated in Annual Report, Mt. Wilson 
Observatory, Year Book Carnegie Institution of Washington, 1921. 


2 The position of this correlation line and of the line of maximum frequency for 
the G, K, and M giants is shown in Fig. 1. This figure also shows the course of the 
equal-mass line J¢=2. The correlation of spectral type with absolute magnitude for 
the most luminous stars of our own immediate system is essentially that found by 
Shapley for the brightest stars in globular clusters; and it now appears from results 
not yet published that in some of the galactic clouds a similar correlation with apparent 
magnitude is to be found. It should be possible in such cases to estimate roughly the 
distances of the clouds. Provisional results indicate values of the order of 20,000 to 
50,000 light years. See Annual Report, loc. cit. 


3 Report of the British Association for the Advancement of Science, 1920, p. 43. 
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These circumstances seem to afford justification for the peculiar 
course of the mass lines for the late-type giants, which otherwise 
must depend solely upon the applicability of the principle of equi- 
partition. 

The minimum itself, or what remains of it after the reduction 
of the visual absolute magnitudes to bolometric values in the manner 
indicated above, must not be taken too seriously, however, for 
the residual irregularity in the mass lines is little in excess of the 
small systematic uncertainties affecting the absolute magnitudes of 
the different spectral types.' 

In this connection the result of page 19 for the masses of fourteen 
giant visual binaries may be recalled. Divided by 1.75 to reduce 
to the central component, the mean mass becomes 1.70.9. For 
the same stars we find by interpolation from Figure 3, with spectral 
type and absolute magnitude as arguments, the mean value 
d¢=2.7+0.2 The agreement is not good, but falls within the 
limits of uncertainty incident upon the small number of stars 
available for the comparison. 

The decrease in mass along the dwarf branch from %=10 at Bo 
to M=o0.6 at Ma raises a question of much interest, especially when 
it is recalled that the dispersion in mass is certainly small.? Prac- 
tically, large masses are not to be found in our lists of dwarf stars. 
And yet the large-mass early-type stars are numerous. Why, 
therefore. do we not find more large masses among the dwarfs? 

Several possibilities must be considered. Thus we might assume 
that the stars now on the dwarf branch (including the B’s, as 
usual) began their development at much the same time, and that 
those of largest mass have only partially run their course and are 
now in the B stage. The assumption would seem less arbitrary 
could we suppose that all the stars began their evolutionary careers 
at the same time; but this apparently is not the case, for numerous 
objects with only moderate masses of 2 or 3 are still in an early 
stage of development. The most serious objection to this explana- 
tion, however, is that it takes no account of a peculiar kind of 
selection. 

« Stromberg, Mt. Wilson Contr., No. 220; Astrophysical Journal, 55, 11, 1922. 


2 Russell has also discussed this correlation., Observatory, 37, 173, 1914. 
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Let us therefore make the contrary assumption and suppose 
that stellar development has continued so long that all possible 
masses really occur among the dwarfs of late type. Among these, 
the large masses, say of the order of 10, will be of very low frequency 
as compared with the modal value for all types together. Kapteyn 
and van Rhijn place the maximum of the frequency-curve of 
absolute magnitudes at M@=+7.7. The modal value of the mass 
therefore should be about 0.7, and since the dispersion is small, 
the large masses must be very infrequent. 

Consider now only the stars in our lists of data. The dwarfs 
among these will all be included in a restricted region of space 
near the sun. The small masses will greatly predominate and the 
mean mass will be low. The giants, on the other hand, will be 
scattered through a large volume of space, and their average mass 
will be large, because only stars of large mass can attain high 
luminosity. The B’s among them will form the collection at the 
upper end of the dwarf branch whose mean mass we have found to 
be ro. The total number of these in our catalogues will be con- 
siderable, because they represent those present in a large volume, 
whereas the large masses among the dwarfs will be absolutely as well 
as relatively infrequent, because we can see only those which are 
near us. 

The stars of intermediate luminosity fill in the gap, and we 
must therefore expect to find a correlation of mass with absolute 
magnitude and spectral type very similar to that actually observed. 
The average mass decreases with advancing type; at the same 
time the number of stars of large mass in our catalogues decreases 
rapidly and the smaller masses appear in succession and in increas- 
ing numbers because they can attain the temperatures correspond- 
ing to the later spectral types. , 

One other possibility should also be borne in mind, namely, a 
decrease in mass through loss of energy by radiation. From the 
standpoint of relativity" any change dE in the total energy of a 
system implies a corresponding change of dE/c? in the inertial 
mass, where c is the velocity of light. A similar conclusion follows 


« Einstein, Annalen der Physik, 18, 639, 1905. 
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also on the basis of the Newtonian mechanics' from the phenomenon 
of radiation pressure, for, unless we attribute mass to radiation, 
there are certain cases, at least, in which neither the energy nor 
the motion of the center “of gravity will be conserved. Since the 
principles of mechanics are inductions, we cannot be sure that they 
apply to physical phenomena with the degree of precision implied 
by assuming that mass actually changes with changes in the 
energy. But considerations of consistency are sufficient to give 
the matter importance, and it derives added interest from the fact 
that a decrease in mass has been invoked as a means of accounting 
for the enormous unknown supply of energy which is now generally 
recognized as an essential feature of stellar phenomena. The sug- 
gestion that the packing of electrons and the nuclei of hydrogen 
atoms to form nuclei of heavier elements, with an accompanying 
loss in mass which reappears in the form of great quantities of 
radiant energy, attaches itself naturally to the relation between 
mass and energy that harmonizes with fundamental mechanical 
principles, whether of Einstein or of Newton. 

Of these three factors which may affect the correlation of mass 
and spectral type, selection certainly enters in the manner indicated, 
but its quantitative evaluation is at present impossible. This 
leaves the operation of the other two factors entirely speculative. 
If, however, there is any appreciable change in the mass of the 
stars during their development, they will not follow the mass lines 
of Figure 3, but cut across them obliquely; and this leads to a 
peculiarity of these lines that immediately attracts attention. 

The equal-mass lines do not meet the dwarf branch tangentially, 
as one might expect on the basis of a simple gravitational con- 
traction with its accompanying changes of temperature, but inter- 
sect the frequency line at large angles. A comparison of Figures 2 
and 3 shows that in this particular there is a large element of uncer- 
tainty; and yet the evidence seems to exclude the possibility of 
tangential intersections, unless we are prepared to abandon the 
principle of equipartition at the point where it seems to be best 
justified, namely, in the vicinity of the dwarf branch. 


1 [bid., 20, 627, 1906. This result seems also to have been pointed out by 
others—Planck, for one, I believe—although I have been unable to locate the 
source. 
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The space-velocities of stars of any given type, say F5, show 
a definite correlation with absolute magnitude, the mean velocity 
increasing continuously as the brightness decreases. If equiparti- 
tion holds for the stars of a given type which are near the frequency 
line of the dwarfs, as it does in the mean for the stars of different 
types scattered along the frequency line, there must be a continuous 
decrease in mass downward along the vertical lines of Figure 3. 
The data of Table X give a numerical expression to this relation- 
ship of mass to luminosity, which, quantitatively, should be most 
exact for values of M near the frequency line of the dwarfs. Now 
on this line, for spectral type F5, as an illustration, we find a 
mean massof 1.5. Above this point in the diagram, that is, for 
more luminous stars, the masses are larger; below they are smaller. 
If the decrease in mass downward is really continuous, it follows 
at once, since the mass also decreases continuously along the dwarf 
frequency line, that curves connecting equal masses cannot meet 
the frequency line tangentially, but must intersect it at a consider- 
able angle. In fact Figure 2 shows that the strict application of 
the principle of equipartition leads to angles in excess of go, 
counting as o° the tangential junction required by gravitational 
contraction. The evolutionary path of any given star, however, 
when once it has joined the dwarf branch, must lie in the general 
direction of the frequency line. 

The explanation of the contradiction lies in the peculiar selection 
which determines the decrease in mass along the dwarf branch. 
Consider for example two dwarf stars of Type F5, one a large 
mass which in its development has followed the dwarf branch 
downward from some earlier type, the other a star of mass so small 
that it has been unable to attain the high temperatures of the 
very early types and joins the dwarf branch at Type F5. The 
star of large mass will be the brighter of the two. Hence the path 
of the small star must intersect the line of maximum frequency at 
some point a little in advance of F5 in order that it may swing 
into position below the larger star. The path of the larger star, 
on the other hand, will lie above the frequency line. Similar 
reasoning applies to stars of intermediate mass and it is evident 
that the entire group of F5 dwarfs will show a correlation of mass 


428 


THE MASSES AND DENSITIES OF THE STARS 63 


with absolute magnitude similar to that found from the principle 
of equipartition. In their further evolution these stars will move 
as a group along paths approximately parallel to the line of maxi- 
mum frequency. But theSe paths do not and cannot coincide with 
the equal mass lines of Figure 3, for when the group in question is 
at F'5, there is at Go another group, whose luminosities show a similar 
correlation with mass, but whose masses, because of selection, are 
systematically smaller than those at F5. If the points in the dia- 
gram corresponding to equal masses in these two simultaneously 
observed groups be connected, the lines of equal mass will cut the 
frequency line at high angles as shown in Figure 3. Hence there 
is no conflict between the mass-distribution shown by this diagram 
and the gravitational theory of stellar development. The only 
point is that in the vicinity of the dwarf branch the stars do not 
follow the equal mass lines. 


I7. IONIZATION AND MEAN ATOMIC WEIGHT 


The final equations of Eddington’s theory’ are 


pate (8) (41) 
1—B=0.0026 M?B4m!4 (42) 


where c and G are constants. These formulae refer to the giant 
stage and assume that the mean atomic weight is independent 
of the temperature. Variations in m during the star’s development 
would affect the relation between luminosity and spectral type. 
The absolute value of m fixes the relation between mass and 
radiation-pressure 8, and hence determines the values of the mass 
which are most likely to occur. 

It is unnecessary to repeat here Eddington’s arguments in favor 
of a small value of m. In general these seem to be only strength- 
ened by the results of recent investigations of ionization phenomena. 
Eggert,? for example, has considered the behavior of the iron atom 
when subjected to pressures and temperatures comparable with 
those at the center of a typical giant star and finds that 16 of the 

Astrophysical Journal, 48, 208, 210, 1918. 

2 Physikalische Zeitschrift, 20, 570, 1919. 
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26 electrons would be stripped from the atom, thus reducing the 
mean “‘atomic”’ weight to 3.3. 

It is easy to extend this result to other parts of the star. Using 
the reaction isobar of Nernst and basing the calculation of the 
energy of dissociation on the dynamical relations of the Bohr atom, 
Eggert finds as the condition for the removal of 8 electrons from 
99 per cent of the atoms’ 

2.68+0.4 log p=? X12" + og T; (43) 
in which the pressure P is measured in atmospheres. For the 
separation of 16 electrons the corresponding condition is approxi- 
mately the same as (43) except for the appearance of an additional 
factor of ro in the first term on the right. 

Equation (43) and its alternate may be used to calculate the 
values of 7; corresponding to the pressures at different points 
along the radius. The comparison of the ionization temperatures 
thus found with the corresponding stellar temperatures should 
then give some indication as to the variation in ionization through- 
out the star. 

The total pressure P is given by the ordinary gas equation, 
divided by 6, the factor arising from radiation-pressure. 


8B Bm pT (44) 


T and p may be found from Emden’s? formulae, or we may use 
the values given by Eddington? for his typical star (J¢=1.5, 
Pm=0.002), taking care to modify those for T, which contain the 
factor m, to make them conform with the degree of ionization 
expressed by (43) and its alternate. Since ZT contains both m 

« Professor Paul Epstein of the California Institute of Technology calls my 
attention to an error in Eggert’s expression for K (oP. cit., p. 573). A factor 8° has 


been omitted. It has little effect, however, on equation (43), the absolute term being 
increased from 2.32 to 2.68. 


2 Gaskugeln, p. 97, 1907. Eddington has called attention to the misprint in the 
formula for 63. The last factor in the denominator should be squared. 

3 Astrophysical Journal, 48, 213, 1918. Unless I am in error, Eddington’s values 
for the temperature have been computed with m=2, whereas the text seems to imply 
that 2.8 has been used. If so, the tabular values should be increased by 40 per cent. 
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and § as factors, the total pressure P depends upon neither the 
value of the radiation-pressure nor the degree of ionization. T, 
however, depends upon beth, and, moreover, 6 also depends upon 
m (see equation [42]). 

For the removal of 8 and 16 electrons, respectively, the values of 
m become 6.2 and 3.3. Corresponding to these, for J¢=1.5, 
8=0.496 and 0.766. With these data we find the values of P 
and T given in the second, third, and fifth columns of Table XX 


TABLE XX 


IoNIZATION AND STELLAR TEMPERATURES, IRON IN EDDINGTON’s TyPicaL STAR 


—8 ELECTRONS m=6.2 —16 ELECTRONS m=3.3 PERCENT- 
Loc P AGE OF 
a (Arm) tl a ene 
T T; T T; cc 
Onegits as 7.40 8.7X 108 8.0X 105 TD TOS 2.6X 10% 100 
Fe aictaus. 2% 7.43 7.4 On Oot 2.4 88 
GA oe eee 6.47 5.0 4.9 4.1 2.0 48 
Bite cases 5.63 3.1 B54 25 1.6 18 
Meee ita is 4.69 1.8 25 te5 1.3 5 
Revcwiene 3-59 0.96 1.8 0.79 Wout 0.7 
Pieri lo 1.98 0.39 LO 0.32 0.8 0.005 


Radius of star=6.9, 46=1.5, P = 0-002. 


for various points along the radius. The unit for 7 is such that the 
distance from the center to the surface is 6.9. Substituting 
the values of P into Eggert’s formula, we find the ionization 
temperatures given in the fourth and sixth columns of the table. 
These temperatures, required for the removal of 8 and 16 electrons, 
respectively, may be compared with the corresponding stellar 
temperatures. The latter, which change little with the assumed 
change in m, are approximately ten times the temperature required 
to separate 8 electrons from the nucleus, and of the same order as 
the ionization temperatures corresponding to the removal of 16 
electrons. The decrease in pressure toward the surface compen- 
sates for the fall in temperature to such an extent that the ioniza- 
tion should be nearly constant throughout the star. It is only 
within a thin shell near the surface, which contains an insignificant 
fraction of the mass (see last column, Table XX), that m can rise 
much above the value 3.3. 
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Eggert’s formula is an extrapolation and involves assumptions 
which cannot at present be directly controlled; but its general 
indications are in close agreement with Eddington’s conclusions. 
Even admitting the various underlying assumptions, the result 
applies only to a star consisting wholly of iron; but one can scarcely 
doubt that the mean values of m for all the elements actually 
present must be small and nearly constant for all points within the 
star except those close to the surface. 

It seems worth while also to consider the relation of ionization 
to stellar temperature in giant stars of constant mass but differing 
spectral types, in order to gain some idea of the permanence of 
this relation as a star contracts under the action of gravitation. 

Consider stars of Eddington’s critical mass J =2, which, as we 
have seen, are those occurring most frequently among the late- 
type giants. It will be sufficient to calculate the central tem- 
peratures and pressures, and in view of the preceding results it is 
clear that we may use m=3.3. The corresponding value of £ is 
0.70. Using Emden’s formula as before (remembering that for 
the type of equilibrium considered p,=54.25 pm), we find the 
results for T, and P, given in Table XXI. The values of M and 


TABLE XXI 

CENTRAL TEMPERATURES AND PRESSURES, AND IONIZATION TEMPERATURES FOR IRON 
(M=2, m=3.3) 

Sp M Log om | LoeT, | YoeF Hi T; 

Maat nssereris ee 0.0 | —=5.2 | Oxxro Ane I.3X10° 1.210 

Ea Ae ei eae +0.7 —4.1 6.43 5.6 2.4 Tees 

IRS ioral ee NR ae +1.1 aan Oey: 7.0 TO Qe 

G5 +0.8 == 27 | 50.00 oral 7.9 2.6 

Go 0.7 22 7.07 8.2 Tey B33 

LENG ascot eoEN ots +2.0 iy OY |e veep OFS R2005 720 


log pm in the second and third columns were read from the diagram 
of Figure 3. The ionization temperatures for the removal of 
16 electrons are in the last column of the table. 

These data represent the sequence of changes from an early 
stage of development, on the basis of Russell’s theory, through to 
the dwarf stage, where the density is so large that Boyle’s law is no 
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longer accurately obeyed. The increases in T,, p and P, are 
approximately 20, 10,000, and 300,000 fold, respectively. In 
spite of these extraordinary changes, the ionization temperatures 
remain of the same general order as those at the center of the star 
throughout its development. Initially, the two temperatures are 
sensibly equal, and the gain in T, over T; is so slight that any 
further decrease in m must be small. The complete removal of 
the third sheath of electrons, for example, would give m= 2.2. 

Even for stars of the lowest density, such as Antares or Betel- 
geuse, conditions are very similar to those illustrated by the first 
line of Table XXI. Low density means relatively low central 
temperature and pressure, but this factor is compensated by the 
large masses which characterize the very luminous giants, so 
that the relation of ionization to stellar temperatures is much the 
same as for the objects already examined. 

It may be remarked incidentally that the values of T, in 
Table XXI throw some light upon the behavior of the effective 
radiating layers in stars of different types. The increase in T, 
is approximately ten times that in the effective temperature. 
But for the type of equilibrium in question the temperature gradient 
is independent of the density, that is, the temperature increase for 
homologous points along the radius should be constant. The 
explanation must be that the thickness of the radiating layer in an 
Ma giant, because of the enormous difference in density, is very 
much greater than that for an F5 dwarf. As development pro- 
gresses, radiation from the deeper and hotter strata is absorbed 
as a result of increasing density, and, in consequence, the increase 
in effective temperature is less rapid than would otherwise be the 
case. 

On the basis of the preceding evidence we must expect a high 
degree of ionization at the earliest stages of stellar development 
with which we are familiar, and comparatively little decrease in 
the value of m as the development proceeds. The Bohr atom 
affords the only foundation we have for estimates such as have 
been made, and it is not certain that the results are of the right 
order of magnitude. One consequence of their acceptance, how- 
ever, should not be overlooked, and that is the total amount of 
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energy required for ionization. For the removal of 8 electrons 
this equals 1.8X1o07 calories per gram atom,’ corresponding to 
an ionizing potential of about 800 volts. The mass of Edding- 
ton’s typical star is approximately 2.9 X10 grams. The removal 
of 8 electrons from all the atoms in this mass would therefore 
require 

2.9X103X1.8X10'X4.2X 107 


a= % =4X 10% ergs, (45) 


while for the removal of the second sheath of 8 electrons a quantity 
of the order of ten times this amount, or 


. U,=4X 104 ergs (46) 
would be necessary. 


Now the total energy generated by gravitational contraction 
of the star from a state of infinite diffusion is? 


—1) GM? 
9S (47) 


where y is the ratio of specific heats, G the gravitational constant, 
6.66 X 107 cm3/grams sec.?, and R the radius, 710% cm; y¥ lies 
between the limits 4/3 and 5/3, whence the fractional coefficient on 
the right has the limiting values 3/2 and 6/7. At a maximum, 
therefore, which also corresponds to Eddington’s model, 


1077X9X 10% 


Re aes ioe 


=1.3X10* ergs. (48) 


Of this total the ethereal energy alone,? namely, 
(1—B)Q=0. 234 Q=3.0X 104 ergs, (49) 


1 Eggert, loc. cit. 
2 Emden, Gaskugeln, p. 125, 1907. 


3 Eddington, Monthly Notices, 79, 23, 1918. Andérson, with whom I have had 
much stimulating discussion during the preparation of this paper, calls my attention 
to the fact that ionization cannot be produced by the collision of electrons with atoms 
without violating the Nernst formula of equilibrium, which is well established on 
thermodynamical grounds. This equation depends upon the pressure, whereas the 
hypothesis of ionization by collisions alone leads to a condition for equilibrium which 
is independent of pressure. If the effective energy is assumed to be partly radiant 
and partly kinetic, the pressure would enter, but not in the manner required by 
Nernst’s equation. Since the internal kinetic energy of the atoms is not available, the 
radiant energy alone can be operative (as in the case of the photoelectric effect, for 
example). See also Milne, Observatory, 44, 269, 1921. 
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seems to be available for ionization. This is of the same order as 
U,, the energy of dissociation given in (46). Admitting, therefore, 
the validity of Bohr’s theory and the applicability of the Nernst 
formula of equilibrium,* the insufficiency of the gravitational 
theory presents itself in a new form. As an alternative, the 
question is perhaps raised as to whether the giant stars, even in 
their very earliest stages of development, are ever in a state other 
than one of high dissociation. 

The calculation of the stellar temperatures in Tables XX and 
XXI neglects altogether the depletion of the available supply of 
energy by ionization. Were gravitation the only source, we could 
expect neither the temperatures nor the degree of ionization 
indicated by the discussion; but, instead, an equilibrium state 
which would be established for something less than the extremes 
of temperature and ionization shown by the tables. 


18. COMPARISONS WITH EDDINGTON’S FORMULAE 


The assumption concerning m which underlies equations (41) 
and (42) has been discussed in the preceding section. These 
formulae also assume that the outflow of energy across any surface 
of unit area is proportional to the gravitational acceleration at 
that point (Hg), and that the mass coefficient of absorption, &, is 
a constant. The energy assumption can also be stated in the 
form that the outflow throughout the star per unit of mass is 
constant. The source of the energy is not specified; it may be 
derived from gravitational contraction or any other source capable 
of providing an adequate supply. Assuming further that the 
transfer of energy is by radiation and not by convection, the condi- 
tions for equilibrium are found to be the same as those for adiabatic 
equilibrium with a ratio of specific heats equal to 4/3. It then 
follows through (41) and (42) that the bolometric magnitude of a 
star remains constant so long as it behaves as a perfect gas.” 

A giant star in its development, however, presumably follows 


closely one of the equal-mass lines in the upper part of Figure 1, for 

As Jeans points out, Monthly Notices, 79, 319, 1919, this general result follows 
at once, by simple considerations, from the assumption H/g=const. The nature of 
the dependence of radiation on mass and other characteristics is, however, another 
matter, less easily disposed of. 
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the selection which enters along the dwarf branch has comparatively 
little influence on the average mass of the giants which come under 
observation. Observations indicate, therefore, that the absolute 
magnitude is not independent of the stage of development. The 
change is even larger than shown in Figure 3, for, as already stated, 
the visual absolute magnitudes must be corrected by the quantities 
given on page 30 to make them comparable with the bolometric 
magnitudes calculated by (41). 

The question now arises as to the particulars in which the under- 
lying assumptions must be modified in order to effect a closer 
agreement with observations. Such consideration as can be given 
here may be prefaced by the remark that Jeans,’ starting from 
the assumptions of radiative conduction, gravitational contraction, 
and constant k and m, finds that the radiation of a star will remain 
constant as long as Boyle’s law is obeyed. This is also the case 
if the star has sources of energy other than gravitational contraction, 
provided the rate of generation per unit mass is independent of the 
time. This is Eddington’s result without his assumption that 
H«g; but the functional dependence of radiation upon the mass 
cannot be specified. Jeans also finds that H/g will be constant 
throughout the mass of gas only when the mass is so large that 
radiation-pressure predominates and 6 may be put equal to zero. 
For the ordinary run of stellar masses, however, H/g will not 
be constant within the star, but for a given point will be independent 
of the time, provided the only source of energy is gravitational. 

Eddington’ himself points out that H/g cannot be rigorously 
constant within the star, for, assuming gravitational contraction 
through a series of homologous states and a témperature- and 
pressure-distribution corresponding to adiabatic equilibrium with 
=4/3, the outflow of energy per unit mass would increase about 
70 per cent from the surface to the center. 

In view of a probable variation of H/g of the order indicated, 
the original assumption gives close agreement with observations. 
The matter can be tested by comparing the calculated values of M 
corresponding to different values of \% with that shown by Figure 3 

t Loc. cit. 


2 Monthly Notices, 77, 599, 1917. 
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for stars of the same spectral type. By proceeding in this manner 
we avoid disturbances arising from variations in k and m, since 
for stars of the same type these quantities should be less subject 
to change. id 

The results are shown in Table XXII. This table gives the 
deviations of the observed values of M (Fig. 3) from those calculated 


TABLE XXII 
OBSERVED AND CALCULATED (EDDINGTON) VARIATION OF ABSOLUTE MAGNITUDE 
WwiTtH Mass 
. o=C ra O—C 

‘AL, : 

3 M a M 
Fo Go Ko Ma Fo Go Ko Ma 
ee Series —= Ona Hotei =+-5.5|-+-0.7|+-0-3]] 6..c5... —2.9/+0.3/—0.3]/—0.1| 0.0 
elnco tare On Otetan. aH a renal renAlll Mlsaccace 3.1} Ot | Os || Ont LOnO 
Reka oo ae Sei’ f EIEIO TOs '5 | O10}! O20] lf Oerecaeat —3.3|—0.5]—0.6/—0.2| 0.0 
7 eee —2.2|+1.4|-+0.1] 0.0] ©.0]] O.....0- —3.5|—0.7|—0.8]/—0.3] 0.0 
© O|sOnO||ELOcn eres —3.7|—1.0]—0.9|—0.3] 0.0 


Geactateie'ss 2 aes pales —o.1 


by Eddington, which are in the second column of the table. Zero 
point corrections have been applied to the latter to make the mean 
O—C for each type equal to zero. There is a large progressive 
change for the F stars, but the agreement improves with advancing 
type and, with the exception of one difference, is practically perfect 
for the K and M stars. From this comparison it is clear that the 
error in the assumption H/g=const. is not very serious when 
we consider stars of a specified type. 

The lack of parallelism of the equal-mass lines with the axis 
M =ois difficult to account for because the assumption of constancy 
for both k and m enters here, as well as that concerning the flow 
of energy. In general the luminosity for any given mass decreases 
with increasing temperature. For mass 4, as an illustration, the 
bolometric absolute magnitude increases from —3.1 at Ma to +0.3 
at Fo. This is in the direction corresponding to decreasing values 
of m, and one might expect much of the change to be accounted 
for by increasing ionization. The evidence of section 17, however, 
is against any considerable variation in m. Even in the earliest 
visible stages of development we should not anticipate a value 
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much in excess of 3.3, and unless there is a large amount of nuclear 
disintegration, which seems improbable, the value of m cannot 
fall below 2. It is easily shown that a decrease from 41/2 to 2 
would cause an increase in M of about one magnitude, which is only 
a third of the amount required. The admission of much larger 
initial values of m is insufficient to bridge the gap, for (42) shows 
that 1—8, and hence the luminosity, are not much affected as m 
is increased. 

The behavior of k is obscure. Although the conditions within 
the star which determine the degree of absorption must be analogous 
to those governing the absorption of X-rays, it should be borne 
in mind that the effective value of k is that corresponding to the 
outermost layers of the star where the temperature is very much 
lower than in the interior. Even near the surface the opacity is 
large, but we have no data as to its variations that are certainly 
applicable. 

This leaves the larger part of the increase in the absolute 
magnitude unaccounted for, and it is not clear as to how the dis- 
crepancy is to be explained. If the contraction is homologous 
and the energy gravitational, or gravitational plus a source inde- 
pendent of the time, we should not expect variations in outflow 
with advancing development other than those caused by changes in 
k and in m. 

As an explanation, changes in m that would be sufficient seem 
to be excluded; those of k are in doubt. There remain, however, 
the assumptions underlying the outflow of energy. The source 
of energy almost certainly is not wholly gravitational, and if not, 
with almost equal certainty, is not independent of the time. The 
outstanding questions therefore lead directly into the realm of 
atomic physics, and it seems more than ever likely that the problem 
of the stars will find its solution in the solution of the problem of 
the atom. 

In conclusion, attention may be directed to the relation of mass 
to luminosity along the dwarf branch. Here Boyle’s law is in 
general no longer obeyed. It will be noted, however, that the 
density increases slowly until the late types are reached, which 
suggests that the departure from the conditions of a perfect gas 
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may affect the behavior of stars of different spectral types much 
alike, so that a formula giving the relation of luminosity to mass 
for the giants, with the exception of a constant, would also hold 
approximately for the dwarfs. 

The matter is easily tested by calculating % from (41) for the 
values of L corresponding to the absolute magnitudes given in the 
second column of Table IV. Choosing the constant factor so that 
the mean cf the values thus calculated agrees with the observed 
mean mass, we have the results in Table XXIII. With the 


TABLE XXIII 


VALUES OF Mass ON DwarF BRANCH 
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exception of a spectral interval at either end of the series, where 
the deviations from the average density are large, the agreement 
is good. 

I must express my grateful acknowledgments to Miss Joyner 
and Miss Richmond, of the Computing Division, for their efficient 
assistance in the extensive tabulations and calculations involved 
in the preceding discussion. 


Mount WILson OBSERVATORY 
December 1921 
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ON THE CALCULATION OF MASSES FROM 
SPECTROSCOPIC PARALLAXES 


By HENRY NORRIS RUSSELL: 
ABSTRACT 


Calculation of masses of stars from spectroscopic parallaxes.—It appears probable 
that the line intensities upon which spectroscopic parallaxes are based are functions of 
the temperature and density of the star’s atmosphere. If this were exactly true, all 
stars of the same surface brightness and density would have the same spectroscopic 
absolute magnitude, and the masses, computed from the spectroscopic parallaxes, 
would come out the same for all the stars of such a group (whatever the dispersion 
among their actual masses) and equal to the geometrical mean of the latter. To 
obtain a reliable measure of the dispersion in mass among binary stars, parallaxes 
must be determined in some other way. 

Spectroscopic and dynamical parallaxes.—It follows that the spectroscopic paral- 
laxes and the dynamical! parallaxes (derived on the assumption that the mass of a binary 
system is equal to the mean value for stars of its spectral type and absolute magnitude) 
are systematically equivalent to one another, and really rest on the same physical 
relationships and assumptions. 

Dispersion of mass among visual binaries (dwarf stars)—By an indirect method, 
depending on Strémberg’s comparisons of spectroscopic and trigonometric parallaxes, 
Seares’s conclusion that the dispersion is small is confirmed. The probable error of 
dispersion of log % appears to be less than 0.2, but cannot be exactly determined. 


The very small values obtained by Seares in the preceding paper’ 
for the dispersion in mass among dwarf stars suggest the following 
explanation. 

It appears very probable, from physical considerations, that the 
spectral type of a star is determined by the temperature T of its 
outer atmosphere, while the characteristics associated with the 
absolute magnitude depend also, and mainly, upon the density 
of the atmosphere, p’. If M, is the absolute magnitude, determined 
spectroscopically, we may then write 


M,=F(T, p'). (x) 
It is also probable that the surface brightness 7 depends almost 


entirely on the temperature, and that the density of the atmosphere 


i Research Associate of the Mount Wilson Observatory. 
2 Mt. Wilson Contr., No. 226. 
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above the visible surface is a function of the mean density p 
(though not necessarily proportional to it). We have then 


M;=fG@, p). (2) 


It may be that M, depends to some degree on other variables, 
but it is probable that their influence is slight. The form of the 
function f cannot be predicted by theory, but can be found empiri- 
cally when sufficient data regarding stellar masses and densities are 
available. 

Assuming the relation for the moment to be exact, and intro- 
ducing it into equation (22) of Seares’s paper, we have 


log Ms=log pto.6j—0.6/G, p)+2.77. (3) 


Hence %, the mass corresponding to the spectroscopic parallax is 
itself a function of p andj alone. Like (22) this is a general result, 
holding good no matter how the mass is calculated, so long as the 
formula involves the absolute magnitude and our assumptions 
about the latter are correct. 

Stated in words, this signifies: If the spectroscopic absolute 
. magnitude of a star depends only on its surface brightness and density, 
the masses computed from the spectroscopic parallaxes will be identical 
for all stars which have the same density and surface brightness, no 
matter how different their actual masses may be. 

In still other words, the spectroscopic parallax (on our assump- 
tions) will be correct only in the case of stars having a certain 
average value of the mass. For larger or smaller masses there will 
be a systematic error in the absolute magnitudes, making the 
former too faint and the latter too bright, which will alter the 
spectroscopic parallax to just such a degree as to conceal entirely 
the real differences in mass. . 

If the spectroscopic calibration curves are adjusted so as to give 
a correct value for the mean absolute magnitude of the stars, the 
“spectroscopic mass”? will be the geometrical mean of the individual 
masses, since, if 7 and p are constant, M varies proportionally 
to log M. 

To determine the dispersion in mass among visual binaries, it is 
therefore necessary to have recourse in some way to parallaxes 
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other than spectroscopic. One way of doing this is through 
Stroémberg’st discussion of the errors of the spectroscopic paral- 
laxes—which he has determined by comparison of individual 
spectroscopic and trigonometric parallaxes, allowing for the errors 
of the latter. Let the probable error thus found for log 7 be =r. 
Three sources contributory to this error may be distinguished: 
(x) the error just discussed, arising from differences between the 
masses of individual stars of the same surface brightness and 
density; (2) the error arising from other physical causes, on account 
of which the functional relation (2) is not exactly true; and (3) 
errors of observation. If we call the amounts of these, expressed 
as probable errors of log 7, respectively, 7m, 75, and 7., we will have 


=f, tin. 


If, on the other hand, we compute individual masses as Seares 
has done, the error r,, will be without influence on these masses, 
while 7, and 7, will affect log % by 0.6 of their amounts, and there 
will be an additional source of error, due to the imperfections of the 
orbits and also to errors in the assumed ratio of the masses of the 
components, which we may call +r,. If then?’ is the probable error 
of distribution, which Seares calls 7(A log uw), we have 


r+tritr=r =(0.36)’ 
0.36(3+72) +r2=r'?= (0.22)? 


Vin = 2.78 17-0. 004. 


This would indicate that the actual dispersion in log M% (which 
corresponds to the probable error +0.6 7m) is very small—being 
substantially equal to the spurious dispersion which arises from 
errors in the orbital elements of the binaries. 

The observed values of 7 and 7’ are, however, subject to some 
uncertainty, and it is possible that some other concealed correlation 
may still be making the agreement appear better than it should. 

It is obvious, however, that a better way of determining the 
dispersion in mass among visual binaries of the same spectral type 
will be a direct comparison of “‘hypothetical”’ or dynamical paral- 


I Mt. Wilson Contr., No. 199, p. 15; Astrophysical Journal, 53, 27, 1921. 
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laxes, computed with a mean value of the mass, with trigonometric 
parallaxes. In this case there seems to be no reason to fear a cor- 
relation of the sort discussed above. 

It may be noticed that the dynamical parallax of a binary, 
calculated on the assumption that the principal star has the mass 
MM, derived from spectroscopic parallaxes of stars of similar kind, 
and the spectroscopic parallax itself, must agree exactly in every 
case (barring the effects of errors of observation and the small 
uncertainty arising in the estimate of the ratio of the mass of the 
system to that of the brighter component), so that it may fairly 
be said that spectroscopic and dynamical parallaxes are systemati- 
cally equivalent to one another, so long as the mass used in com- 
puting the dynamical parallaxes is taken as a function of both 
absolute magnitude and spectral type. The two then rest essen- 
tially on the same physical assumptions—though this is far from 
obvious at first sight. If this conclusion is correct, spectroscopic 
parallaxes are unfitted by their very nature to give us information 
about the differences in mass between systems which have similar 
spectra (with regard to the “absolute magnitude lines” as well 
as other characteristics). 

When a direct determination of the dispersion in mass among 
visual binaries has been made—for example, from the trigonometric 
parallaxes—it will be possible to obtain a valuable control upon 
the theory which atttributes the spectroscopic phenomena in 
question to differences in density. 


Mount WItson OBSERVATORY 
February 16, 1922 
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, of stars in and near the double cluster in Perseus, 125 

Scandium, electric furnace spectrum, 199 

Space-velocity, relationship to absolute magnitude, 181 

Spark spectra. See Spectra 
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Spectra, of Venus, systematic displacement of lines, 163 

, spark, air lines from A 5927 to A 8683; 161 

, stellar, of class Md, behavior of bright lines, 1 

, vacuum-spark, of metals, 277 

Spectroscopic binaries. See Binaries 

Spectroscopic parallaxes, used to calculate masses, 441 
Spectrum, electric furnace, of scandium, 199 

———,, of long-period variable R Aquarii, 155 

, of sun-spots, and theory of ionization, 341 

Stars, masses and densities, 367 

, Md, behavior of bright lines in their spectra, 1 
Sun-spot spectrum and ionization, 341 

Sun-spots, low temperatures due to cooling by expansion, 261 
Systematic displacements of lines in spectra of Venus, 163 
Vacuum-spark spectra of metals, 277 

Variable stars, nebular lines in spectrum of long-period variable, R Aquarii, 155 
Velocity, space, relationship to absolute magnitude, 181 

Venus, displacements of lines in spectra, 163 

Wave-length, in astronomical interferometer measurements, 297 
, of atmospheric and solar lines, constancy, 321 

, of lines in iron arc from grating and interferometer measures, 41 
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